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ABSTRACT 

The RESRAD-BUILD computer code models radionuclide release and 

transport in indoor environments and performs pathway analyses to evaluate the 

potential radiological dose and risk incurred by an individual who works or lives 

in a building contaminated with radioactive material or housing radioactively 

contaminated furniture or equipment. The code provides four geometries to 

characterize a radiation source: point, line, area, and volume, in which 

radionuclides are homogeneously distributed. Radionuclides contained in a source 

are considered to be released to the indoor air due to various processes including 

erosion (mechanically or weathering), diffusion (for tritium and radon in a volume 

source), or emanation (radon in a point, line, or area source). The release can 

proceed through different time phases with different rates. In RESRAD-BUILD 

Version 4.0, a dynamic ventilation model is implemented to simulate the fate and 

transport of source material particles and radionuclides after their releases. This 

dynamic ventilation model considers (1) air exchange between rooms in the 

building and between the rooms and the outdoor environment, (2) deposition from 

air to floor, (3) resuspension from the floor to the air, and (4) periodical 

vacuuming that reduces the floor deposition. The fate and transport modeling 

provides estimates of radionuclide concentrations in the source, in the air, and on 

the floor at different times, which are then integrated over the exposure duration 

for the calculation of radiation doses and cancer risks. A single run of the 

RESRAD-BUILD code can model a building with up to 9 rooms, 10 sources, and 

10 receptors. The potential radiation dose and cancer risk incurred by each 

receptor are calculated for seven exposure pathways: (1) external radiation 

directly from the sources (accounting for shielding), (2) external radiation from 

radioactive particles deposited on the floors, (3) external radiation from airborne 

radionuclides, (4) inhalation of airborne radionuclides, (5) inhalation of radon and 

radon progenies, (6) inadvertent ingestion of radioactive particles directly from 

the source, and (7) ingestion of radioactive particles deposited on the floors. 

Various exposure scenarios can be modeled with RESRAD-BUILD, including but 

are not limited to, office worker, renovation worker, decontamination worker, 

building visitor, and resident. Both deterministic and probabilistic analyses can be 

performed to obtain results in both text reports and graphic displays. 
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1 INTRODUCTION  

RESRAD-BUILD is part of the RESRAD family of codes that Argonne National 

Laboratory developed for the U.S. Department of Energy and the U.S. Nuclear Regulatory 

Commission. The RESRAD family of codes includes five (5) codes that are actively maintained 

and updated to run on various computer systems. These 5 codes are RESRAD-ONSITE, 

RESRAD-OFFSITE, RESRAD-BUILD, RESRAD-BIOTA, and RESRAD-RDD. Descriptions 

of these codes and their supporting documents can be found on the RESRAD website 

(https://resrad.evs.anl.gov). This report is Volume 1 of the RESRAD-BUILD Userôs Manual that 

documents the methodology, models, and radionuclide-specific data used in RESRAD-BUILD 

code Version 4.0. Volume 2 of the RESRAD-BUILD Userôs Manual is called the Userôs Guide 

for RESRAD-BUILD code, which describes how to use RESRAD-BUILD code Version 4.0; it 

contains screen shots and parameter information. 

1.1 OVERVIEW OF RESRAD-BUILD  

The RESRAD-BUILD computer code models radionuclide release and transport in 

indoor environments and links a radiation source to individual receptors at specific locations 

inside a building via pathway analyses to evaluate the potential radiation doses and cancer risks 

incurred by those receptors. The code provides four types of geometry to characterize a radiation 

source: point, line, area, and volume, in which radionuclides are homogeneously distributed. The 

radionuclides in a source are considered to be released into the indoor air due to erosion 

(mechanically or weathering), diffusion (for tritium and radon in a volume source), or simply 

emanation (for radon in a point, line, or area source). The release rates are tracked to calculate 

the remaining contamination in the source and are used in an air ventilation model to simulate 

the transport of contaminated source particles and radionuclides within the building from one 

compartment (room) to another. In addition to air exchanges between compartments and between 

the compartments and the outside environment, the air ventilation model also considers 

deposition and resuspension of dust particles, floor vacuuming, as well as radiological ingrowth 

and decay to quantify radionuclide concentrations in the air and on the floors over the time frame 

of analysis. The time-varying concentrations of radionuclide in the source, in the air, and on the 

floors are integrated over the exposure duration to calculate the radiation dose and cancer risk 

associated with different exposure pathways. Seven exposure pathways are considered by 

RESRAD-BUILD: (1) external radiation directly from the sources (accounting for shielding), 

(2) external radiation from radioactive particles deposited on the floors, (3) external radiation 

from airborne radionuclides, (4) inhalation of airborne radionuclides, (5) inhalation of radon and 

its progenies, (6) inadvertent ingestion of radioactive particles directly from the source, and 

(7) ingestion of radioactive particles deposited on the floors. 

The design of RESRAD-BUILD is similar to that of RESRAD-ONSITE and RESRAD-

OFFSITE. It incorporates a user-friendly interface for (1) entering data to construct an exposure 

scenario with appropriate input parameter values; (2) accessing the independent Dose 

Conversion Factor (DCF) Editor to view and create a dose and risk coefficient library to be used 

in dose/risk calculations, if so desired; (3) performing deterministic and sensitivity analysis 

calculations and viewing calculation results; and (4) performing probabilistic calculations and 

viewing the results generated. The interface is equipped with general and context-specific help 
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files as well as the Userôs Manual including the Userôs Guide (Volume 1 and 2 of this report) 

that can be retrieved at any time to guide the use of the computer code. A single run of the 

RESRAD-BUILD code can model a building with up to 9 compartments (rooms), 10 sources, 

and 10 receptors. Because of the level of detail in input specifications as well as the precision in 

mathematical formulations and solutions, RESRAD-BUILD can be applied to evaluate radiation 

dose and cancer risk associated with building occupancy (residents, office workers, and 

occasional visitors) that typically involve slow releases of the contaminants, as well as with 

building decontamination and renovation (decontamination and renovation workers) that could 

involve quick removal of the contamination. 

Version 4.0 of RESRAD-BUILD has quite a few modeling enhancements and new 

features over the previously released versions; the major enhancements include: 

1. Provision of a choice between ICRP-107 and ICRP-38 radiological 

transformation database, along with an input of cut-off half-life, for use to 

construct radiological decay chains, and choices of compatible dose and risk 

coefficient libraries for use in dose and risk calculations.  

2. Modeling of complete decay chains, including branches, and evaluating each 

progeny separately for their contributions to direct external radiation. 

3. Implementation of a new dynamic ventilation model that forgoes the steady-

state assumption as used in previous versions, to conserve mass balance and 

improve accuracy in the predicted radionuclide concentrations in the air and 

on the floor over time. 

4. Increments in the number of compartments (rooms) in the building from 3 to 

9 with allowance for air exchange between any pair of rooms and between 

any room and the outdoor.  

5. Consideration of periodical vacuuming and its efficiency to remove floor 

deposition of contaminated materials. 

6. Consideration of up to 10 release phases with user-defined begin time, end 

time, and source removal fraction for each phase for point, line, and area 

sources, to factor into account different source removal rates and intermittent 

releases.  

7. Implementation of both analytical and numerical solutions to time-integration 

and use of the analytical solutions to reduce calculation time whenever 

feasible or per userôs choice. 

8. Redefining the basis for volume source coordinates, as the center of the 

contaminated region, and adding a new direction of erosion parameter, for 

precise determination of the receptor-source distance at any time.  

9. Generation of output files containing intermediate calculation results per 

userôs choice, for obtaining insights to the modeling. 
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10. Addition of new appearance for several input forms, to facilitate input data 

collection, while maintaining the traditional appearance (as in Version 3.5), 

which can continue to be used if preferred by users. 

11. Linking the code to Version 3.3 of the DCF Editor that has an expanded 

database (including air submersion dose and risk coefficients) and is equipped 

with improved interactive help entries. 

12. Provision of context-specific help entries and the Userôs Manual (including 

Userôs Guide) in pdf format to guide the use of the code.  

13. Streamlining the selection of DCF libraries to ensure proper pairing of 

external and internal dose coefficient libraries. 

The new appearance of input forms, as mentioned in item (10) above, are associated with 

the inputs regarding evaluation times, graphic display of source-receptor locations, details of air 

flow, and details of point, line, or area sources. The choice of using the new input forms or 

traditional input forms (those with Version 3.5) for data entry can be made with the ñAdvancedò 

menu options in the main userôs interface. This choice does not affect the look of the layout of 

the main interface; however, it affects the functionality of the code as described in items (3)ï(9). 

The RESRAD-BUILD Userôs Guide for Version 4.0 (Volume 2 of this report) provides detailed 

instructions on manipulating the interface to complete the evaluation of an exposure scenario 

with the code. 

RESRAD-BUILD Version 3.5 was released before Windows 10 became available. The 

compatibility issues seen with Version 3.5 have been resolved in Version 4.0.  

1.2 ORGANIZATION OF MANUAL  

The building geometry, sources, and receptors modeled by the code and exposure 

pathways for building occupancy and building renovation scenarios are described in Chapters 2 

and 3 of this report (Volume 1 of the Userôs Manual). Details about the formulations in the 

models and the information in the data sources are described in detail in Appendices A through J 

of this report. A Userôs Guide that describes the user interface is included in Volume 2 of the 

Userôs Manual. There are also appendices describing the different analyses that can be performed 

using the code and the verification and benchmarking of the code. 

The information presented in this report is organized as follows: 

¶ Chapter 1: Introduction 

¶ Chapter 2: Descriptions of sources, buildings, and receptors  

¶ Chapter 3: Descriptions of exposure scenarios and pathways 

¶ Chapter 4: Verification and benchmarking 

¶ Chapter 5: References 
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¶ Appendix A: Radionuclides, dose conversion factors, and slope factors 

database 

¶ Appendix B: Modeling the fate of radioactivity  

¶ Appendix C: External radiation exposure 

¶ Appendix D: Inhalation of radioactive airborne dust particles 

¶ Appendix E: Radon release model and inhalation exposure 

¶ Appendix F: Tritium release model and exposure  

¶ Appendix G: Ingestion of radioactive particulates  

¶ Appendix H: Uncertainty analysis  

¶ Appendix I: Parameter descriptions  

¶ Appendix J: Benchmarking of RESRAD-BUILD Version 4.0 
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2 DESCRIPTION OF BUILDINGS, SOURCES, AND RECEPTORS 

The RESRAD-BUILD code is designed to evaluate the radiological doses to individuals 

who live or work inside a building that is contaminated with radioactive material. The 

contamination could be (1) on the surfaces of the floors, walls, or ceilings; (2) within the 

building material, such as in the drywall, concrete floors, steel I-beams, metal pipes, or wires; 

and (3) accumulated inside the building, such as in the air exchange filter or drain. RESRAD-

BUILD Version 4.0 can model up to nine compartments in a building. A compartment can be 

one room or several rooms on the same floor with free air exchange among the rooms. External 

radiation penetrating the walls, ceilings, or floors is calculated based on user input for the 

shielding material type, thickness, and density. Internal (inhalation and ingestion) exposures are 

calculated based on an air quality model that considers the air exchange between rooms and with 

outdoor air. 

The RESRAD-BUILD code can be applied to evaluate the potential exposure of an 

individual standing or working outside a contaminated building by assuming that the outdoor 

space is a large room (compartment) adjacent to the contaminated building. The building, source 

of contamination, and receptors modeled in the RESRAD-BUILD code are discussed in detail in 

the following sections. 

2.1 BUILDING DESCRIPTION  

In the RESRAD-BUILD Version 4.0 model, the building is conceptualized as a structure 

composed of up to nine compartments. Air exchange is assumed between all compartments. All 

compartments can exchange air with the outdoor atmosphere. An air quality model was 

developed to calculate the contaminant concentration in each compartment. A detailed 

description of the air quality model is presented in Appendix B. 

Examples of typical building geometries with up to 3 rooms that can be modeled by the 

RESRAD-BUILD code are illustrated in Figure 2-1. An example of a 9-room building is shown 

in Figure 2-2. A coordinate system is used in RESRAD-BUILD to define the location of the 

sources and receptor points inside the building. The origin of the coordinate system can be at any 

location and the axes can be in any direction. The origin, however, is usually located at the 

bottom-left corner of the lowest level, with the x-axis measuring the horizontal distance to the 

right of the origin and coinciding with the bottom edge of the building (see Figure 2-3); the 

y-axis being perpendicular to the x-axis and pointing into the building; and the z-axis measuring 

the vertical distance from the left edge of the building. 

The RESRAD-BUILD Version 4.0 code can model the building being cleaned 

periodically. This is accomplished with vacuuming parameters for efficiency and frequency. 

See Appendix B and Userôs Guide (Volume 2 of this report) for a more detailed discussion of the 

model and parameters. 
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Figure 2-1  Vertical View of Possible 3-Room Building Geometries for the RESRAD-BUILD Code  
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Figure 2-2  The Layout of a 9-Room Building as an Example of What Can Be Modeled in RESRAD-BUILD. The 

atrium is similar to an HVAC system in that it collects and redistributes air between all rooms. Direct airflow could 

also be modeled between the smaller offices. 
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Figure 2-3  Example of a Coordinate System Used in the RESRAD-

BUILD Code 

The user can specify the locations of the sources and receptors and the amount of time the 

receptor spends in each compartment, so the radiological dose to the receptor can be calculated 

for any type of building use, including residential, commercial, or industrial. Therefore, the 

building model approach used in RESRAD-BUILD is quite flexible. 

2.2 SOURCE DESCRIPTION 

The building is assumed to be contaminated with radioactive materials located at a 

defined number of places within the structure of the building. Each contaminated location is 

considered as a distinct source, and as many as 10 sources can be specified in a single run of 

RESRAD-BUILD. Depending on its geometric appearance, the source can be defined as a 

volume, area, line, or point source. The distinctions among these types of sources are rather 

arbitrary and reflect the modeling objective of simplifying the overall configuration whenever 

justifiable. The proper classification of each source is left to the userôs best judgment. For 

example, if the distance between the receptor and a small area source is much greater (say, five 

times greater) than the largest dimension of the area source, then this small area source may be 

modeled as a point source. 

In general, each source is initially characterized by defining its type, the compartment in 

which it is located, and the coordinates of its center of contamination, according to the system of 

coordinates used for the building compartments (see Figure 2-3). The number of different 

radionuclides and their initial concentrations are also defined for each source. Depending on the 

type of the source, other geometric parameters may also be defined: the area/length, shape, and 

direction of the source. For either a volume or surface source, the area can be circular or 
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rectangular. The area for a circular source is defined as the surface area of the source facing the 

open air. The area for a rectangular source is the product of the two lengths. Source direction is 

defined as the vector perpendicular to the exposed area. This direction should be coincident with 

one of the axes (x, y, or z). For a line source, the length parameter is defined as the length of the 

segment of line forming the source, and direction is given by the direction of the line itself. 

Again, the direction of the line source must be coincident with an axis. For a point source, 

neither the direction nor the area or length parameter is used. 

Mechanical removal and erosion of the source material, when its surface is exposed to 

open air, may result in the transport of part of its mass directly into the indoor air environment, 

resulting in airborne contaminants. Because of the air exchange processes among all 

compartments of the building, the airborne particulates being loaded into the indoor air of a 

compartment are then transported to the indoor air of all compartments of the building. 

A contaminated area in the building should be considered a volume source, if it can be 

clearly represented in a three-dimensional configuration. A segment of a building wall 

contaminated with radioactive materials is an example of a possible volume source. The volume 

source is assumed to release any particulates, radon, or tritiated water vapor into the 

compartment it was assigned. Currently, the releases of tritiated water are estimated only for the 

primary side. The radon releases are from both sides, but the fluxes go in the same compartment 

as the source. In the RESRAD-BUILD model, the volume source can be composed of up to five 

distinct parallel regions (or layers) located along the direction parallel to the partition, each 

consisting of homogeneous and isotropic materials. Each layer is defined by its physical 

properties, such as thickness, density, porosity, radon diffusion coefficient, radon emanation 

fraction, erosion rate, and concentration of radioactive contaminants. For modeling releases of 

tritiated water vapor, the uncontaminated regions between the release surface (the face from 

which emissions flow out to the indoor air) and the contaminated region need to be lumped into 

one single region. The definition of a volume source must also identify to which compartment 

the emissions flow and the direction from the center of contamination to the release surface. 

Finally, the rate of inadvertent ingestion of loose materials directly from the source must be 

defined. 

The definition of a surface source considers those cases of surface contamination in 

which the thickness of the contaminated layer is considerably smaller than the affected area 

exposed to open air. An example would be a spill of radioactive materials over an area of 

relatively large dimensions, with very little penetration of the spilled substance into the matrix of 

the contaminated medium. Each surface source is associated with a set of timed removable 

fractions and air release fractions and a time-independent direct ingestion rate. The unit of 

radionuclide concentration for area sources used in RESRAD-BUILD is picocuries per square 

meter (pCi/m2) or becquerels per square meter (Bq/m2). 

A line source can be defined for those cases in which one dimension, such as length, is 

clearly larger than any other dimension of the source. A pipe carrying radioactive materials or 

the wall/floor joint edge with accumulated contaminated substances could be considered a line 

source. The unit of radionuclide concentration for line sources is pCi/m or Bq/m. 
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Contaminated locations in the building where the radioactive materials are concentrated 

in regions of small dimensions (compared with the dimensions of the compartment and the 

distance to the receptor) could be approximated as point sources. The unit of radionuclide 

concentration for point sources is pCi or Bq. 

2.3 RECEPTOR DESCRIPTION 

The receptors considered in the RESRAD-BUILD model include office worker, resident, 

industrial worker, renovation worker, building visitor, or any individual spending some time 

inside the contaminated building. The RESRAD-BUILD code was designed with flexibility and 

simplicity in mind, so that the model can simulate diverse exposure scenarios, such as office 

work, building cleaning and maintenance work, building renovation, building visiting, and 

continuous residency. The exact location (coordinates) of the receptor is required to calculate 

external exposure. The receptor location should be the midpoint of the person. For example, if 

the receptor is standing on a contaminated floor, the receptor location should be 1 m above the 

floor. For other pathways, only the information about the room in which the receptor is located is 

required by the code, because the air quality model assumes that the air is homogeneously mixed 

in each compartment. To calculate the external dose, the shielding material type and its density 

and thickness need to be input into the code, in addition to the receptor location. The orientation 

of the receptor to the source may affect the external dose. For example, when the receptor is 

facing the source (anterior-posterior [AP]), the external dose may be greater than it is when the 

receptor is in the rotational or back-to-the-source (posterior-anterior [PA]) orientation. In most 

situations, the receptor is moving around and is not in a fixed position facing the source. 

Therefore, the external dose conversion factors (DCFs) for rotational orientation are used in the 

RESRAD-BUILD code.  

Up to 10 receptor points can be specified in the RESRAD-BUILD code. The time 

fraction spent at each receptor point needs to be input. The total time fraction can exceed unity. 

These criteria allow RESRAD-BUILD to evaluate total (collective) worker dose as well as the 

total individual dose in a single run of the code. 
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3 DESCRIPTION OF EXPOSURE SCENARIOS AND PATHWAYS 

3.1 EXPOSURE SCENARIOS 

Before a contaminated building can be released for use without radiological restrictions, 

the potential future use of the building must be evaluated. That potential future use of a building 

depends on many factors, such as the current use, age, condition, location, and size of the 

building and the extent of contamination. 

The potential uses of a building are referred to as exposure scenarios, which can be 

classified into two major categories: building occupancy and building renovation. Building 

occupancy scenarios include residents, office workers, industrial workers, and visitors. Building 

renovation scenarios include decontamination workers, building renovation workers, and 

building demolition workers. The building occupancy scenarios usually involve rather long-term 

chronic exposures, whereas building renovation scenarios usually involve short-term exposures. 

Building decontamination and renovation activity scenarios usually result in a higher amount of 

contaminant removal than do building occupancy scenarios. However, decontamination and 

renovation are usually performed under controlled conditions, and contaminated materials are 

removed from the building. Therefore, the actual amount of contaminants released into the 

indoor air may or may not be greater than the amount that is released under building occupancy 

scenarios. The building occupancy scenarios may result in the release of contaminants into the 

air as a result of normal use and cleaning of the building, such as washing the walls or 

vacuuming the floors. Building renovation includes such activities as sanding a contaminated 

floor, chipping concrete, and removing or installing drywall. 

The differences among these scenarios are associated with the exposure durations, the 

amounts of contaminants, the rates at which they are released into air, and the pathways 

involved. The RESRAD-BUILD code is designed to model all these exposure scenarios. If the 

user inputs appropriate parameters for the exposure duration and the amount and rate of 

contaminants released into the air and selects appropriate pathways, RESRAD-BUILD can 

model all scenarios. The exposure pathways considered in RESRAD-BUILD code are discussed 

in Section 3.2. Input template files for the building occupancy scenario are provided in 

Section 3.3. If a building is demolished, the dose to workers demolishing the building can be 

evaluated with the RESRAD-BUILD code. If the demolished building material is buried, the 

RESRAD-ONSITE and RESRAD-OFFSITE computer codes (Yu et al. 2001, Kamboj et al. 

2018, Yu et al. 2020) can be used to evaluate the dose for future use of the site. If building 

material (such as steel I-beams) is recycled, the RESRAD-RECYCLE code (Cheng et al. 2000) 

can be used to evaluate the dose to workers and the general public. 

3.2 EXPOSURE PATHWAYS 

External and internal exposure pathways are considered. Internal exposure includes both 

inhalation and ingestion pathways. Figure 3-1 illustrates all the pathways considered in the 

RESRAD-BUILD code:  
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¶ External exposure to penetrating radiation emitted directly from the source, 

¶ External exposure to penetrating radiation emitted from radioactive 

particulates deposited on the floors of the compartments, 

¶ External exposure to penetrating radiation due to submersion in airborne 

radioactive particulates, 

¶ Inhalation of airborne radioactive particulates, 

¶ Inhalation of aerosol indoor radon decay products and tritiated water vapor, 

¶ Inadvertent ingestion of radioactive material contained in removable material 

directly from the source, and 

¶ Inadvertent ingestion of airborne radioactive particulates deposited on the 

surfaces of the building. 

 

Figure 3-1  Exposure Pathways Incorporated into the RESRAD-BUILD Code 

The first three pathways would result in external exposure, and the last four would result 

in internal exposure due to internal contamination of the exposed individual. Other possible 

exposure pathways to be considered in a radiological analysis of a contaminated building would 

include internal contamination due to puncture wounds and dermal absorption of radionuclides 

deposited on the skin. However, the radiation doses caused by these two pathways would be 

much smaller than the doses caused by the other potential pathways already considered for most 
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radionuclides (Kennedy and Strenge 1992). Therefore, dermal pathways are not included in the 

current version of RESRAD-BUILD. However, the dermal absorption of tritium is considered by 

increasing the inhalation dose and risk conversion factors by 50%. 

3.3 INPUT DATA TEMPLATE  

 The NUREG/CR-5512 (Beyeler et al. 1999) describes a generic modeling analysis used 

by the U.S. Nuclear Regulatory Commission (NRC) to translate radiological contamination in a 

building to radiation dose for decommissioning purposes. Table 3-1 lists the key parameter 

values to use if the RESRAD-BUILD code is used to simulate the exposures associated with the 

building occupancy scenario considered in the NUREG/CR-5512 document, assuming the 

surface contamination exists only on the floor, with an area of 36 m2, and centered at (0,0,0). The 

other input parameters not listed or mentioned should assume either site-specific values or be 

kept at RESRAD-BUILD defaults. To consider variation in input parameter values that can 

impact the radiation dose, an uncertainty analysis can be conducted. Appendix I provides 

detailed descriptions of RESRAD-BUILD input parameters and their default distributions.  

 
Table 3-1  Key Parameter Values for Simulating the NUREG/CR-5512 Building Occupancy 

Scenario 

Parameter Unit 

Parameter 

Values Remarks 

Exposure duration days (d) 365.25 To match the occupancy period of 365.25 days in NUREG/CR-5512 

building occupancy scenario (Beyeler et al. 1999). 

Indoor fraction -a 0.267 To match the 97.5 d/yr time in building in NUREG/CR-5512 

building occupancy scenario (Beyeler et al. 1999). 

Receptor location m 0, 0, 1 At 1-m from the center of the source. 

Receptor inhalation 

rate 

m3/d 33.6 For building occupancy scenario, it matches with 1.4 m3/h breathing 

rates in NUREG/CR-5512 (Beyeler et al. 1999). 

Receptor indirect 

ingestion rate 

m2/h 1.12 ³ 10-4 Value for the building occupancy scenario is the mean value from 

the distribution (Appendix I).  

Source type  - Area For the building occupancy scenario, it is assumed that 

contamination is only on the floor (i.e., is an area source). 

Direct ingestion rate  1/h (area) 3.06 ³ 10-6 Calculated from the default ingestion rate of 1.1 ³ 10-4 m2/h in 

NUREG/CR-5512 building occupancy scenario (Beyeler et al. 1999). 

Air release fraction - 0.357 For the building occupancy scenario, it is the mean value from the 

parameter distribution (Appendix I). 

Removable fraction - 0.1 10% of the contamination is removable (NUREG/CR-5512 building 

occupancy scenario default). 

Time for source 

removal or source 

lifetime 

d 10,000 Value for the building occupancy scenario is the most likely value 

from the parameter distribution (Appendix I). 

a A dash indicates that the parameter is dimensionless. 
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4 VERIFICATION AND BENCHMARKING OF THE RESRAD -BUILD CODE  

As part of the RESRAD quality assurance (QA) program, RESRAD-BUILD has 

undergone extensive review, testing, benchmarking, and verification. Many models used in the 

RESRAD-BUILD code have been benchmarked against other codes. For example, the external 

dose models have been benchmarked against the Monte Carlo N-particle (MCNP) code 

(Briesmeister 1993), and the radon model used in the RESRAD-BUILD code has been compared 

with the radon model used in RESRAD-ONSITE (Yu et al. 2001). The NRC compared the 

DandD code Version 1.0 with the RESRAD-ONSITE Version 5.61 and RESRAD-BUILD 

Version 1.5 codes (Haaker et al. 1999). A verification of RESRAD-BUILD Version 3.0 using 

Microsoft Excel spreadsheets was conducted when Version 3.0 was released (Kamboj et al. 

2001). Additional benchmarking of the RESRAD-BUILD Version 4.0 external exposure model 

with MCNP code was conducted, and the results are presented in Section J.3 of Appendix J. An 

independent verification of the RESRAD-BUILD models and parameters was also conducted 

(Tetra Tech NUS, Inc. 2003). The differences between RESRAD-BUILD Version 3.5 and 

Version 4.0 are presented in Appendix J. Additional benchmarking/comparison of RESRAD-

BUILD Version 4.0 with the NRC DandD code and the U.S. Environmental Protection Agency 

(EPA) Building Preliminary Remediation Goals (BPRG) Calculator was done, and the results are 

summarized in Section 4.1. More detailed results and discussions are presented in Appendix J. 

4.1 TESTING AND V ERIFICATION PROCEDURE  

Verification of the RESRAD-BUILD code was conducted with an initial check of all the 

input parameters for correctness. Verification of the calculations was performed external to the 

RESRAD-BUILD code with Microsoft Excel to verify all the major portions of the code. 

Following RESRAD QA program requirements, test cases were prepared to test the design and 

performance objectives of the RESRAD-BUILD code. All the results from these test cases are 

documented as a record when the code is officially released.   

4.2 COMPARISON AND BENCHMARKING  

There are many modeling enhancements and new features in RESRAD-BUILD 

Version 4.0 compared to Version 3.5. The major changes are: 

¶ Modeling of all branches of the radiological decay chain, with any specified logical 

cut-off half-life to reduce calculation time; 

¶ Evaluating individual progeny radionuclides for their contributions to direct external 

dose and risk; 

¶ Implementing a new dynamic air quality model that includes up to nine 

compartments (rooms) and allows periodical vacuuming to remove part of the 

deposited contamination;  
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¶ Implementing both numerical and analytical solutions to compute the transient 

concentrations of particulates, suspended in air and deposited on the floor, and 

the radionuclides attached to those particulates; 

¶ Addition of expanded versions for several input forms to accommodate 

additional parameters; 

¶ Allowing up to 10 release phases for point, line, and area sources;  

¶ Performing time integration analytically, when possible, to reduce execution 

time; 

¶ Performing time integration numerically, when necessary, to user-specified 

convergence criteria using a larger number of time points, while still reducing 

the execution time; 

¶ Ensuring direct source ingestion does not exceed the released source material 

available for ingestion; 

¶ Redefining the basis for volume source coordinates;  

¶ Generating intermediate calculation results;  

¶ Updating the Dose Conversion Factor (DCF) Editor to include air submersion 

dose coefficients and slope factors; and  

¶ Streamlining the selection of DCF and risk libraries.  

RESRAD-BUILD models the removal and disposition of the material removed from the 

source. Version 4.0 has a dynamic air quality model that considers air exchanges between all 

compartments and the outside to calculate air concentration and particulates deposited in each 

compartment. The dynamic air quality model includes resuspension of the deposited 

contamination to the air and periodical vacuuming to remove part of the deposited contamination 

from the floor, and it allows consideration of up to 10 release phases with different source 

removal rates for each phase (see Appendix B). Version 3.5 implements a pseudo steady-state air 

quality model. A detailed comparison of the radionuclide concentrations calculated with 

RSERAD-BUILD 4.0 and 3.5 is presented in Section J.1 of Appendix J. 

The NRC DandD code (McFadden et al. 2001) and the EPA BPRG Calculator (EPA 

2019) are designed to evaluate building contamination with radionuclides. A detailed comparison 

of RESRAD-BUILD 4.0, DandD, and BPRG is presented in Appendix J. The comparison of the 

methodologies and features of these three codes is summarized below.  

The DandD code, developed by Sandia National Laboratories for the NRC, converts 

contamination levels in a building to the annual dose for building occupancy and residential 

scenarios (McFadden et al. 2001). The building occupancy scenario computes the yearly average 

dose from surface contamination in buildings for light industrial use. The exposure starts 

immediately after release of the building for occupancy. The building occupancy scenario 

considers direct external exposure from surface sources, exposure by breathing indoor air 
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contaminated by resuspension of radionuclides from surface contamination, and inadvertent 

ingestion of surface contamination.  

The BPRG Calculator, developed by EPA (EPA 2019), is used to calculate building 

preliminary remediation goals (BPRG) for radionuclides in buildings for resident and indoor 

worker exposure. The BPRG Calculator estimates radionuclide concentrations in dust settled on 

surfaces, radionuclide concentrations in the air inside the building, and direct external exposure 

from radionuclide concentrations on six surfaces/inside walls of different room sizes that are 

protective of humans over a lifetime for a selected risk level. The Calculator does not consider 

any relationship between the concentration deposited on surfaces with the concentration in the 

air inside the building (i.e., no air model or deposition model). The Calculator has three options 

for calculating BPRGs: 1) assumes secular equilibrium throughout the chain (no decay) (default 

assumption), 2) does not assume secular equilibrium, but provides results for progeny throughout 

chain (with decay); and 3) does not assume secular equilibrium, and no progeny included. 

Similar equations are used for both resident and indoor worker exposure, the only difference is in 

the parameters used. If media concentrations are input in the BPRG Calculator for dust, air, soil, 

and ground plane, it also calculates risk from dust settled on surfaces, ambient air concentration, 

and direct external exposure. For estimating radionuclide concentrations in air inside the building 

at a target risk level, the BPRG Calculator considers two exposure routes: inhalation and air 

submersion. For estimating radionuclide surface or volumetric concentrations inside the building 

at a target risk level, the BPRG Calculator considers direct external exposure from surface or 

volumetric contamination. It assumes all six inside sides of the building (walls, floor, and 

ceiling) are uniformly contaminated. The room surface factor accounts for the exposure to 

multiple contaminated surfaces of different finite sizes (length, width, depth, material) compared 

to infinite size. Table J-2 in Appendix J compares the main features and options in RESRAD-

BUILD Version 4.0, the BPRG Calculator, and DandD. 
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APPENDIX A:  

 

RADIONUCLIDE TRANSFORMATION DATABASE  

AND DOSE AND RISK COEFFICIENT LIBRARIES  

This appendix discusses the radionuclide transformation databases and the dose and risk 

coefficient libraries used by the RESRAD-BUILD code, Version 4.0, for the calculations of 

radiological dose and cancer risk. The radionuclide transformation data from International 

Commission on Radiation Protection Publication 107 (ICRP-107) and from International 

Commission on Radiation Protection Publication 38 (ICRP-38) are in two plain text files, ICRP-

07.NDXand NewICRP38.idx. The standard libraries of dose and risk coefficients are in two 

corresponding database files, Master_dcf_ICRP07.mdb and Master_dcf_2k.mdb, which are 

installed in the same directory as the Dose Conversion Factor (DCF) Editor during installation. 

These libraries can be viewed or be used as the basis for creating custom libraries using the 

DCF Editor. The transformation data is not accessible in the DCF Editor as they are not to 

be modified. 

A.1  RADIONUCLIDE TRANSFORMATION DATABASE IN RESRAD -BUILD  

RESRAD-BUILD performs pathway analyses to calculate potential radiation dose and 

cancer risk a receptor could incur from spending time inside a building contaminated with 

radioactive materials, i.e., radiation sources. The potential radiation dose and cancer risk are 

calculated for exposures incurred at the current time as well as at future times. The projection of 

radiation dose and cancer risk at a future time factor into account the presence of progenies of 

the initial radionuclides due to radiological transformation, thereby including the dose/risk 

contributions from the progenies. The radionuclide transformation data in the International 

Commission on Radiation Protection Publication 38 (ICRP-38) (ICRP 1983) and International 

Commission on Radiation Protection Publication 107 (ICRP-107) (ICRP 2008) can be used to 

establish the decay chains and to calculate the radioactivity of progenies over time.  

To simplify the calculations concerning ingrowth of progenies, radionuclides are 

categorized as ñprincipalò or ñassociatedò nuclides depending on their radiological decay half-

life, compared with a cut-off value. Radionuclides with a half-life greater than the cut-off value 

are called principal nuclides. When principal nuclides are involved in the decay of an initially 

present radionuclide, their activities and dose/risk contributions over time are separately tracked 

and calculated. Radionuclides with a half-life shorter than or equal to the cut-off value are called 

associated nuclides. When associated nuclides are involved in the decay of an initially present 

radionuclide, they are assumed to have the same activity, i.e., in secular equilibrium, as the 

preceding principal nuclide. For internal exposures, the dose/risk contributions from associated 

nuclides are not separately tracked and calculated; rather, their contributions are included in the 

dose/risk calculated for the preceding principal nuclide. In terms of designation, the suffix ñ+Dò 

is added to the name of a principal nuclide in this manual whose calculated dose/risk includes 

contributions from its associated progenies. In practice, the doses/risks for +D principal nuclides 

are calculated using the sum of the branch fraction weighted dose/risk coefficients of the 

principal nuclide itself and its associated progenies. The user has the option to specify any cut-
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off half-life in the code. Only radionuclides with a half-life greater than the selected cut-off half-

life can be chosen as initially present for the dose/risk calculations. 

The ICRP-38 database (ICRP 1983) contains radiological transformation data for 

838 radionuclides and ICRP-107 database (ICRP 2008) contains radiological transformation data 

for 1252 radionuclides. Based on the selected radiological transformation database and the input 

cut-off half-life, the RESRAD-BUILD code will list all the principal radionuclides for inclusion 

in a radiation source. Any of the listed radionuclides can be selected for dose/risk calculations.  

Table A-1 (1st column) lists the principal radionuclides that can be specified as initially 

present in a radiation source in the RESRAD-BUILD Version 4.0, when a cut-off half-life of 

30 days and the ICRP-38 transformation database are selected. Column 3 lists the short-lived 

progenies that are associated with each principal nuclide in column 1 and their branch fractions; 

their decay half-lives are < 30 days. The stable nuclide(s)/principal radionuclide that each 

principal nuclide in column 1 is considered to decay to is listed in 4th column. 

Table A-2 lists principal radionuclides with half-life of at least 30 days with their 

associated radionuclides when ICRP-107 database is used. 

Table A-1  Principal  and Associated Radionuclide with a Cut-off Half -life of at Least 30 Days from 

ICRP-38 Database 

Principal Radionuclidea  

Terminal Nuclide or Progeny 

Principal Radionuclidec 

Species Half-life (yr) Associated Decay Chainb Species Half-life (yr) Fraction 

Ac-227+D 2.18E+01 

(Th-227 9.8620E-01), Ra-223, 

Rn-219, Po-215, Pb-211, Bi-211, 

(Tl-207 9.9720E-01), (Po-211 

2.8000E-03), (Fr-223 1.3800E-02) 

Pb-207 *   

Ag-105 1.12E-01  ðd Pd-105 *   

Ag-108m+D 1.27E+02 (Ag-108 8.9000E-02) Pd-108, Cd-108 *   

Ag-110m+D 6.84E-01 (Ag-110 1.3300E-02) Cd-110, Pd-110 *   

Al -26 7.16E+05 ð Mg-26 *   

Am-241 4.32E+02 ð Np-237 2.14E+06  

Am-242m+D 

  
1.52E+02  

(Am-242 0.9952), (Np-238 0.0048) 

  

Cm-242 4.46E-01 8.23E-01 

Pu-238 8.77E+01 1.78E-01 

Am-243+D 7.38E+03 Np-239 Pu-239 2.41E+04  

Ar-37 9.59E-02 ð Cl-37 *   

Ar-39 2.69E+2 ð K-39 *   

As-73 2.20E-01 ð Ge-73 *   

Au-195 5.01E-01 ð Pt-195 *   

Ba-133 1.07E+01 ð Cs-133 *   

Be-10 1.60E+06 ð B-10 *   

Be-7 1.46E-01 ð Li -7 *   

Bi-207 3.80E+01 ð Pb-207 *   

Bi-210m+D 3.00E+06 Tl-206 Pb-206 *   

Bk-247 1.38E+03 ð Am-243m+D 7.38E+03  

Bk-249+D 8.76E-01 (Am-245 1.45E-5) 

SF  4.70E-10 

Cm-245 8.50E+03 1.45E-05 

Cf-249 3.51E+02  

SF  5.20E-09 
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Table A-1  (Cont.) 
  

Principal Radionuclidea  

Terminal Nuclide or Progeny 

Principal Radionuclidec 

Species Half-life (yr) Associated Decay Chainb Species Half-life (yr) Fraction 

C-14 5.73E+03 ð N-14 *   

Ca-41 1.40E+05 ð K-41 *   

Ca-45 4.46E-01 ð Sc-45 *   

Cd-109 1.27E+00 ð Ag-109 *   

Cd-113 9.30E+15 ð In-113 *   

Cd-113m 1.36E+01 ð In-113 *   

Cd-115m 1.22E-01 ð In-115 5.10E+15  

Ce-139 3.77E-01 ð La-139 *   

Ce-141 8.90E-02 ð Pr-141 *   

Ce-144+D 7.78E-01 (Pr-144m 0.0178), Pr-144 Nd-144 *   

Cf-248 9.13E-01 ð 
SF  2.90E-05 

Cm-244 1.81E+01 1.00E+00 

Cf-249 3.51E+02 ð 
SF  5.20E-09 

Cm-245 8.50E+03 1.00E+00 

Cf-250 1.31E+01 ð 
SF  7.70E-04 

Cm-246 4.73E+03 9.99E-01 

Cf-251 8.98E+02 ð Cm-247+D 1.56E+07  

Cf-252 2.64E+00 ð 
SF  3.09E-02 

Cm-248 3.39E+05 9.69E-01 

Cf-254 1.66E-01 ð 
SF  0.9969 

Cm-250 6.90E+03 0.0031 

Cl-36 3.01E+05 ð Ar-36, S-36 *   

Cm-241 8.98E-02 ð 
Am-241 4.32E+02 9.90E-01 

Pu-237 1.24E-01 1.00E-02 

Cm-242 4.46E-01 ð 
SF  6.80E-08 

Pu-238 8.77E+01 1.00E+00 

Cm-243 2.85E+01 ð 
Am-243 7.38E+03 2.40E-03 

Pu-239 2.41E+04 9.98E-01 

Cm-244 1.81E+01 ð 
SF  1.35E-06 

Pu-240 6.54E+03 1.00E+00 

Cm-245 8.50E+03 ð Pu-241 1.44E+01 1.00E+00 

Cm-246 4.73E+03 ð 
SF  2.61E-04 

Pu-242 3.76E+05 1.00E+00 

Cm-247+D 1.56E+07 Pu-243 Am-243+D 7.38E+03  

Cm-248 3.39E+05 ð 
SF  8.26E-02 

Pu-244 8.26E+07 9.17E-01 

Cm-250 6.9E+03 
(Pu-246 0.25), (Am-246 0.25), 

(Bk-250 0.14) 

SF  0.61 

Cm-246 4.73E+03 0.25 

Cf-250  0.14 

Co-56 2.16E-01 ð Fe-56 *   

Co-57 7.42E-01 ð Fe-57 *   

Co-58 1.94E-01 ð Fe-58 *   

Co-60 5.27E+00 ð Ni-60 *   

Cs-134 2.06E+00 ð Ba-134, Xe-134 *   

Cs-135 2.30E+06 ð Ba-135 *   

Cs-137+D 3.00E+01 (Ba-137m 0.946) Ba-137 *   

Dy-159 3.95E-01  ð Tb-159 *   

Es-254+D 7.55E-01 Bk250 Cf-250 1.31E+01 1.00E+00 
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Table A-1  (Cont.) 
  

Principal Radionuclidea  

Terminal Nuclide or Progeny 

Principal Radionuclidec 

Species Half-life (yr) Associated Decay Chainb Species Half-life (yr) Fraction 

Eu-148 1.49E-01 ð 
Sm-148 *   

Pm-144 9.94E-01 9.40E-09 

Eu-149 2.55E-01 ð Sm-149 *   

Eu-150b 3.42E+01 ð Sm-150 *   

Eu-152 1.33E+01 ð 
Sm-152 *  7.21E-01 

Gd-152 1.08E+14 2.79E-01 

Eu-154 8.80E+00 ð 
Gd-154, 

Sm-154 
*   

Eu-155 4.96E+00 ð Gd-155 *   

Fe-55 2.70E+00 ð Mn-55 *   

Fe-59 1.22E-01 ð Co-59 *   

Fe-60+D 1.00E+05 Co-60m 
Ni-60 *  2.50E-03 

Co-60 5.27E+00 9.98E-01 

Fm-257+D 2.75E-01 
Cf-253, (Es-253 9.9690E-01), 

(Cm-249 3.1000E-03) 

SF  8.67E-08 

Bk-249  1.00E+00 

Gd-146+D 1.32E-01 Eu-146 Sm-146 1.03E+08  

Gd-148 9.30E+01 ð Sm-144 *   

Gd-151 3.29E-01 ð 
Eu-151 *   

Sm147 0.00E+00  

Gd-152 1.08E+14 ð Sm-148 *   

Gd-153 6.63E-01 ð Eu-153 *   

Ge-68+D 7.89E-01 Ga-68 Zn-68 *   

H-3 1.24E+01  ð He-3 *   

Hf-172+D 1.87E+00 Lu-172 Yb-172 *   

Hf-175 1.92E-01 ð Lu-175 *   

Hf-178m 3.10E+01 ð Hf-178 *   

Hf-181 1.16E-01 ð Ta-181 *   

Hf-182 9.00E+06 ð Ta-182 3.15E-01  

Hg-194+D 2.60E+02 Au-194 Pt-194 *   

Hg-203 1.28E-01 ð Tl-203 *   

Ho-166m 1.20E+03 ð Er-166 *   

I-125 1.65E-01 ð Te-125 *   

I-129 1.57E+07 ð Xe-129 *   

In-114m+D 1.36E-01 (In-114 0.957) Cd-114, Sn-114 *   

In-115 5.10E+15 ð Sn-115 *   

Ir-192 2.03E-01 ð Os-192, Pt-192 *   

Ir-192m 2.41E+02 ð Ir-192 2.03E-01  

Ir-194m 4.68E-01 ð Pt-194 *   

K-40 1.28E+09 ð Ca-40, Ar-40 *   

Kr-81 2.10E+05 ð Br-81 *   

Kr-85 10.72 ð Rb-85 *   

La-137 6.00E+04 ð Ba-137 *   

La-138 1.35E+11 ð Ba-138, Ce-138 *   

Lu-173 1.37E+00 ð Yb-173 *   

Lu-174 3.31E+00 ð Yb-174 *   

Lu-174m 3.89E-01 ð 
Yb-174 *  7.00E-03 

Lu-174 3.31E+00 9.93E-01 

Lu-176 3.60E+10 ð Hf-176 *   
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Table A-1  (Cont.) 
  

Principal Radionuclidea  

Terminal Nuclide or Progeny 

Principal Radionuclidec 

Species Half-life (yr) Associated Decay Chainb Species Half-life (yr) Fraction 

Lu-177m+D 4.41E-01 (Lu-177 0.21) Hf-177 *   

Md-258 1.51E-01   Es-254 7.55E-01 1.00E+00 

Mn-53 3.70E+06 ð Cr-53 *   

Mn-54 8.56E-01 ð Cr-54 *   

Mo-93 3.50E+03 ð Nb-93 *   

Na-22 2.60E+00 ð Ne-22 *   

Nb-93m 1.36E+01 ð Nb-93 *   

Nb-94 2.03E+04 ð Mo-94 *   

Nb-95 9.62E-02 ð Mo-95 *   

Ni-59 7.50E+04 ð Co-59 *   

Ni-63 9.60E+01 ð Cu-63 *   

Np-235 1.08E+00 ð 
U-235 7.04E+08 1.00E+00 

Pa-231 3.28E+04 1.40E-05 

Np-236a 1.15E+05 ð 
U-236  9.11E-01 

Pu-236 2.85E+00 8.90E-02 

Np-237+D 2.14E+06 Pa-233 U-233 1.59E+05  

Os-185 2.57E-01  ð Re-185 *   

Os-194+D 6.00E+00 Ir-194 Pt-194 *   

Pa-231 3.28E+04  ð Ac-227+D 2.18E+01  

Pb-202+D 3.00E+05 Tl-202 Hg-202 *   

Pb-205 1.43E+07  ð Tl-205 *   

Pb-210+D 2.23E+01 Bi-210 Po-210 3.79E-01  

Pd-107 6.50E+06 ð Ag-107 *   

Pm-143 7.26E-01 ð Nd-143 *   

Pm-144 9.94E-01 ð Nd-144 *   

Pm-145 1.77E+01 ð Nd-145 *   

Pm-146 5.53E+00 ð 
Nd-146 *  6.41E-01 

Sm-146 1.03E+08 3.59E-01 

Pm-147 2.62E+00 ð Sm-147 1.06E+11  

Pm-148m+D 1.13E-01 (Pm-148 0.046) Sm-148 *   

Po-209 1.02E+02 ð 
Pb-205 1.43E+07 0.9974 

Bi-209 *  0.0026 

Po-210 3.79E-01 ð Pb-206 *   

Pt-193 5.00E+01 ð Ir-193 *   

Pu-236 2.85E+00 ð 
SF  8.10E-10 

U-232 7.20E+01 1.00E+00 

Pu-237 1.24E-01 ð 
Np-237+D 2.14E+06 1.00E+00 

U-233 1.59E+05 5.00E-05 

Pu-238 8.77E+01 ð 
SF  1.84E-09 

U-234 2.45E+05 1.00E+00 

Pu-239 2.41E+04 ð U-235 7.04E+08  

Pu-240 6.54E+03 ð 
SF  4.95E-08 

U-236 2.34E+07 1.00E+00 

Pu-241+D 1.44E+01 (U-237 0.0000245) 
Am-241 4.32E+02 1.00E+00 

Np-237 2.14E+06 2.45E-05 

Pu-242 3.76E+05 ð 
SF  5.50E-06 

U-238 4.47E+09 1.00E+00 

Pu-244+D 8.26E+07 (U-240 0.9988), (Np-240m 0.9988) SF  1.25E-03 
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Table A-1  (Cont.) 
  

Principal Radionuclidea  

Terminal Nuclide or Progeny 

Principal Radionuclidec 

Species Half-life (yr) Associated Decay Chainb Species Half-life (yr) Fraction 

Pu-240 6.54E+03 9.99E-01 

Ra-226+D 1.60E+03 

Rn-222,Po-218, (Pb-214 9.9980E-

01), Bi-214, (Po-214 9.9980E-01), 

(Tl-210 2.0000E-04), (At-218 

2.0000E-04) 

Pb-210 2.23E+01  

Ra-228+D 5.75E+00 Ac-228 Th-228+D 1.91E+00  

Rb-83+D 2.36E-01 (Kr-83m 0.76199) Kr-83 *   

Rb-84 8.97E-02 ð Sr-84, Kr-84 *   

Rb-87 4.70E+10 ð Sr-87 *   

Re-184 1.04E-01 ð W-184 *   

Re-184m 4.52E-01 ð 
W-184 *  2.53E-01 

Re-184 1.04E-01 7.47E-01 

Re-186m+D 2.00E+05 Re-186 W-186, Os-186 *   

Re-187 5.00E+10 ð Os-187 *   

Rh-101 3.20E+00 ð Ru-101 *   

Rh-102 2.90E+00 ð Ru-102 *   

Rh-102m 5.67E-01 ð 
Ru-102, Pd-102 *  9.50E-01 

Rh-102 2.90E+00 5.00E-02 

Ru-103+D 1.08E-01 (Rh-103m 0.997) Rh-103 *   

Ru-106+D 1.01E+00 Rh-106 Pd-106 *   

S-35 2.39E-01 ð Cl-35 *   

Sb-124 1.65E-01 ð Te-124 *   

Sb-125 2.77E+00 ð 
Te-125 *  7.72E-01 

Te-125m 1.59E-01 2.28E-01 

Sc-46 2.30E-01 ð Ti-46 *   

Se-75 3.28E-01 ð As-75 *   

Se-79 6.50E+04 ð Br-79 *   

Si-32+D 4.50E+02 P-32 S-32 *   

Sm-145 9.31E-01 ð Pm-145 1.77E+01  

Sm-146 1.03E+08 ð Nd-142 *   

Sm-147 1.06E+11 ð Nd-143 *   

Sm-151 9.00E+01 ð Eu-151 *   

Sn-113+D 3.15E-01 In-113m In-113 *   

Sn-119m 8.02E-01  ð Sn-119 *   

Sn-121m+D 5.50E+01 (Sn-121 0.776) Sb-121 *   

Sn-123 3.54E-01  ð Sb-123 *   

Sn-126+D 1.00E+05 Sb-126m, (Sb-126 0.14) Te-126 *   

Sr-85 1.78E-01 ð Rb-85 *   

Sr-89 1.38E-01 ð Y-89 *   

Sr-90+D 2.91E+01 Y-90 Zr-90 *   

Ta-179 1.82E+00 ð Hf-179 *   

Ta-180 1.00E+13 ð W-180 *   

Ta-182 3.15E-01 ð W-182 *   

Tb-157 1.50E+02 ð Gd-157 *   

Tb-158 1.50E+02 ð Gd-158, Dy-158 *   

Tb-160 1.98E-01 ð Dy-160 *   

Tc-95m+D 1.67E-01 (Tc-95 0.04) Mo-95 *   

Tc-97 2.60E+06 ð Mo-97 *   
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Table A-1  (Cont.) 
  

Principal Radionuclidea  

Terminal Nuclide or Progeny 

Principal Radionuclidec 

Species Half-life (yr) Associated Decay Chainb Species Half-life (yr) Fraction 

Tc-97m 2.38E-01 ð Tc-97 2.60E+06  

Tc-98 4.20E+06 ð Ru-98 *   

Tc-99 2.13E+05 ð Ru-99 *   

Te-121m+D 4.22E-01 (Te-121 0.886) Sb-121 *   

Te-123 1.00E+13 ð Sb-123 *   

Te-123m 3.28E-01 ð Te-123 1.00E+13  

Te-125m 1.59E-01 ð Te-125 *   

Te-127m+D 2.98E-01 (Te-127 0.976) I-127 *   

Te-129m+D 9.20E-02 (Te-129 0.65) I-129 1.57E+07  

Th-228+D 1.91E+00 

Ra-224, Rn-220, Po-216, Pb-212, 

Bi-212, (Po-212 0.6407), (Tl-208 

0.3593) 

Pb-208 *   

Th-229+D 7.34E+03 

Ra-225, Ac-225, Fr-221, At-217, 

Bi-213, (Po-213 0.9784), (Tl-209 

0.0216), Pb-209 

Bi-209 *   

Th-230 7.70E+04 ð Ra-226+D 1.60E+03  

Th-232 1.41E+10 ð Ra-228+D 5.75E+00  

Ti-44+D 4.73E+01 Sc-44 Ca-44 *   

Tl-204 3.78E+00 ð Pb-204, Hg-204 *   

Tm-170 3.52E-01 ð Er-170, Yb-170 *   

Tm-171 1.92E+00 ð Yb-171 *   

U-232 7.20E+01 ð Th-228+D 1.91E+00  

U-233 1.59E+05 ð Th-229+D 7.34E+03  

U-234 2.45E+05 ð Th-230 7.70E+04  

U-235+D 7.04E+08 Th-231 Pa-231 3.28E+04  

U-236 2.34E+07 ð Th-232 1.41E+10  

U-238+D 4.47E+09 
Th-234, (Pa-234m 0.998), (Pa-234 

0.0033) 

SF  5.40E-05 

U-234 2.45E+05  

V-49 9.04E-01 ð Ti-49 *   

W-181 3.32E-01 ð Ta-181 *   

W-185 2.06E-01 ð Re-185 *   

W-188+D 1.90E-01 Re-188 Os-188 *   

Xe-127 9.9685E-02 ð I-127 *   

Y-88 2.92E-01 ð Sr-88 *   

Y-91 1.60E-01 ð Zr-91 *   

Yb-169 8.76E-02 ð Tm-169 *   

Zn-65 6.68E-01 ð Cu-65 *   

Zr-88 2.28E-01 ð Y-88 2.92E-01  

Zr-93 1.53E+06 ð Nb-93m 1.36E+01  

Zr-95+D 1.75E-01 (Nb-95m 0.007) Nb-95 9.62E-02  

a Radionuclides with half-lives greater than 30 days. If short-lived progeny are involved, the +D symbol is added 

along with the radionuclide name (e.g., Ac-227+D). 
b The associated progeny with half-lives shorter than 30 days are listed. If a branching fraction is anything other 

than 1, it is listed along with the radionuclide in the bracket. 
c The principal radionuclide or stable nuclide that terminates an associated decay chain. Stable nuclides are 

indicated by an asterisk (*) in place of the half-life. If a radionuclide has spontaneous fission, it is indicated by 

SF. If the branching fraction is anything other than 1, the fraction is listed. 
d Indicates there is no associated radionuclide.  
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Table A-2  (Cont.) 
  

Principal Radionuclidea 

Associated Decay Chainb 

Terminal Nuclide or Radionuclidec 

Species Half-life (yr) Species Half-life (yr) Fraction 

Cf-250 1.31E+01 ð 
SF  7.70E-04 

Cm-246 4.76E+03 9.99E-01 

Cf-251 9.00E+02 ð Cm-247 1.56E+07  

Cf-252 2.65E+00 ð 
SF  3.09E-02 

Cm-248 3.48E+05 9.69E-01 

Cf-254 1.66E-01 ð 
SF  9.97E-01 

Cm-250 8.30E+03 3.10E-03 

Cl-36 3.01E+05 ð 
Ar-36, S-

36 
*   

Cm-241 

  
8.98E-02  

ð 

  

Am-241 4.32E+02 9.90E-01 

Pu-237 1.24E-01 1.00E-02 

Cm-242 4.46E-01 ð 
SF  6.37E-08 

Pu-238 8.77E+01 1.00E+00 

Cm-243 2.91E+01 ð 
Am-243 7.37E+03 2.40E-03 

Pu-239 2.41E+04 9.98E-01 

Cm-244 1.81E+01 ð 
SF  1.37E-06 

Pu-240 6.56E+03 1.00E+00 

Cm-245 8.50E+03 ð 
SF  6.10E-09 

Pu-241 1.44E+01 1.00E+00 

Cm-246 4.76E+03 ð 
SF  2.63E-04 

Pu-242 3.75E+05 1.00E+00 

Cm-247+D 1.56E+07 Pu-243 Am-243 7.37E+03 1.00E+00 

Cm-248 3.48E+05 ð 
SF  8.39E-02 

Pu-244 8.00E+07 9.16E-01 

Cm-250+D 8.30E+03 
(Pu-246 0.18), (Am-246m 0.18), (Bk-

250 0.08) 

SF  7.40E-01 

Cf-250 1.31E+01 8.00E-02 

Cm-246 4.76E+03 1.80E-01 

Co-56 2.11E-01 ð Fe-56 *   

Co-57 7.44E-01 ð Fe-57 *   

Co-58 1.94E-01 ð Fe-58 *   

Co-60 5.27E+00 ð Ni-60 *   

Cs-134 2.07E+00 ð 
Ba-134, 

Ce-134 
*   

Cs-135 2.30E+06 ð Ba-135 *   

Cs-137+D 3.02E+01 (Ba-137m 9.4399E-01) Ba-137 *   

Dy-154 3.00E+06 ð Gd-150 1.79E+06 1.00E+00 

Dy-159 3.95E-01  ð Tb-159 *   

Es-254+D 7.55E-01 
(Fm-254 1.7390E-06), (Bk-250 

1.0000E+00) 

SF  3.00E-08 

SF  1.03E-09 

Cf-250 13.08 1.00E+00 

Es-255+D 1.09E-01 (Fm-255 0.92), (Bk-251 0.08) 

SF  4.52E-05 

SF  2.30E-07 

Cf-251 9.00E+02 1.00E+00 

Eu-148 1.49E-01 ð 
Sm-148 7.00E+15 1.00E+00 

Pm-144 9.94E-01 9.40E-09 

Eu-149 2.55E-01 ð Sm-149 *   

Eu-150 3.69E+01 ð Sm-150 *   

Eu-152 1.35E+01 ð 
Sm-152 *  7.21E-01 

Gd-152 1.08E+14 2.79E-01 
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Principal Radionuclidea 

Associated Decay Chainb 

Terminal Nuclide or Radionuclidec 

Species Half-life (yr) Species Half-life (yr) Fraction 

Eu-154 8.59E+00 ð 
Gd-154, 

Sm-154 
*   

Eu-155 4.76E+00 ð Gd-155 *   

Fe-55 2.74E+00 ð Mn-55 *   

Fe-59 1.22E-01 ð Co-59 *   

Fe-60+D 

  
1.50E+06  

Co-60m 

  

Ni-60 *  2.40E-03 

Co-60 5.27E+00 9.98E-01 

Fm-257+D 2.75E-01 
(Cf-253 0.9979), (Es-253 0.9948), 

(Cm-249 0.0031) 

SF  2.10E-03 

SF  7.96E-08 

Bk-249 9.04E-01 9.98E-01 

Gd-146+D 1.32E-01 Eu-146 Sm-146 1.03E+08  

Gd-148 7.46E+01 ð Sm-144 *   

Gd-150 1.79E+06 ð Sm-146 1.03E+08 1.00E+00 

Gd-151 3.40E-01 ð 
Eu-151 *  1.00E+00 

Sm-147 1.06E+11 1.00E-08 

Gd-152 1.08E+14 ð Sm-148 7.00E+15  

Gd-153 6.58E-01 ð Eu-153 *   

Ge-68+D 7.42E-01 Ga-68 Zn-68 *   

H-3 1.23E+01  ð He-3 *   

Hf-172+D 1.87E+00 Lu-172m Lu-172 Yb-172 *   

Hf-174 2.00E+15 ð Yb-170 *   

Hf-175 1.92E-01 ð Lu-175 *   

Hf-178m 3.10E+01 ð Hf-178 *   

Hf-181 1.16E-01 ð Ta-181 *   

Hf-182 9.00E+06 ð Ta-182 3.13E-01  

Hg-194+D 4.40E+02 Au-194 Pt-194 *   

Hg-203 1.28E-01 ð Tl-203 *   

Ho-163 4.57E+03 ð Dy-163 *   

Ho-166m 1.20E+03 ð Er-166 *   

I-125 1.63E-01 ð Te-125 *   

I-129 1.57E+07 ð Xe-129 *   

In-114m+D 1.36E-01 (In-114 0.9675) 
Cd-114, 

Sn-114 
*   

In-115 4.41E+14 ð Sn-115 *   

Ir-192 2.02E-01 ð 
Os-192, 

Pt-192 
*   

Ir-192n 2.41E+02 ð Ir-192 2.02E-01  

Ir-194m 4.68E-01 ð Pt-194 *   

K-40 1.25E+09 ð 
Ca-40, Ar-

40 
*   

Kr-81 2.29E+05 ð Br-81 *   

Kr-85 1.0756E+01 ð Rb-85 *   

La-137 6.00E+04 ð Ba-137 *   

La-138 1.02E+11 ð 
Ba-138, 

Ce-138 
*   

Lu-173 1.37E+00 ð Yb-173 *   

Lu-174 3.31E+00 ð Yb-174 *   

Lu-174m 

  
3.89E-01  

ð 

  

Yb-174 *  6.20E-03 

Lu-174 3.31E+00 9.94E-01 
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Principal Radionuclidea 

Associated Decay Chainb 

Terminal Nuclide or Radionuclidec 

Species Half-life (yr) Species Half-life (yr) Fraction 

Lu-176 3.85E+10 ð Hf-176 *  *  

Lu-177m+D 4.39E-01 (Lu-177 2.1700E-01) Hf-177 *   

Mn-53 3.70E+06 ð Cr-53 *   

Mn-54 8.55E-01 ð 
Cr-54, Fe-

54 
*   

Mo-93 4.00E+03 ð 
Nb-93 *  1.20E-01 

Nb-93m 1.61E+01 8.80E-01 

Na-22 2.60E+00 ð Ne-22 *   

Nb-91 6.80E+02 ð Zr-91 *   

Nb-91m 1.67E-01 ð 
Zr-91 *  3.40E-02 

Nb-91 6.80E+02 9.66E-01 

Nb-92 3.47E+07 ð Zr-92 *   

Nb-93m 1.61E+01 ð Nb-93 *   

Nb-94 2.03E+04 ð Mo-94 *   

Nb-95 9.58E-02 ð Mo-95 *   

Nd-144 2.29E+15 ð Ce-140 *   

Ni-59 1.01E+05 ð Co-59 *   

Ni-63 1.00E+02 ð Cu-63 *   

Np-235+D 1.08E+00 (U-235m 3.9934E-03) 
Pa-231 3.28E+04 2.60E-05 

U-235 7.04E+08 1.00E+00 

Np-236+D 1.54E+05 (Pa-232 1.6E-3) 

U-236 2.34E+07 8.73E-01 

Pu-236 2.86E+00 1.25E-01 

Th-232 1.405E+10 4.80E-08 

U-232 6.89E+01 1.60E-03 

Np-237+D 2.14E+06 Pa-233 U-233 1.59E+05  

Os-185 2.56E-01 ð Re-185 *   

Os-186 2.00E+15 ð W-182 *   

Os-194+D 6.00E+00 Ir-194 Pt-194 *   

Pa-231 3.28E+04 ð Ac-227 2.18E+01  

Pb-202+D 5.25E+04 (Tl-202 9.9000E-01) Hg-202 *   

Pb-205 1.53E+07  ð Tl-205 *   

Pb-210+D 2.22E+01 
Bi-210, (Hg-206 1.9E-08), (Tl-206 

1.339E-06) 
Po-210 3.79E-01 1.00E+00 

Pd-107 6.50E+06 ð Ag-107 *   

Pm-143 7.26E-01 ð Nd-143 *   

Pm-144 9.94E-01 ð Nd-144 2.29E+15  

Pm-145 1.77E+01 ð Nd-145 *   

Pm-146 5.53E+00 ð 
Nd-146 *   

Sm-146 1.03E+08  

Pm-147 2.62E+00 ð Sm-147 1.06E+11  

Pm-148m+D 1.13E-01 (Pm-148 4.2000E-02) Sm-148 7.00E+15  

Po-208 2.90E+00 ð 
Pb-204 *   

Bi-208 3.68E+05 2.23E-05 

Po-209 1.02E+02 ð 
Pb-205 1.53E+07 9.95E-01 

Bi-209 *  4.80E-03 

Po-210 3.79E-01 ð Pb-206 *   

Pt-190 6.50E+11 ð Os-186 2.00E+15 1.00E+00 

Pt-193 5.00E+01 ð Ir-193 *   

Pu-236 2.86E+00 ð  SF  1.37E-09 
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Principal Radionuclidea 

Associated Decay Chainb 

Terminal Nuclide or Radionuclidec 

Species Half-life (yr) Species Half-life (yr) Fraction 

U-232 6.89E+01 1.00E+00 

Pu-237 1.24E-01 ð 
Np-237 2.14E+06 1.00E+00 

U-233 1.59E+05 4.20E-05 

Pu-238 8.77E+01 ð 
SF  1.85E-09 

U-234 2.46E+05 1.00E+00 

Pu-239+D 2.41E+04 (U-235m 9.9940E-01) U-235 7.04E+08  

Pu-240 6.56E+03 ð 
SF  5.75E-08 

U-236 2.34E+07 1.00E+00 

Pu-241+D 1.44E+01 (U-237 2.45E-05) 
Am-241 4.32E+02 1.00E+00 

Np-237 2.14E+06 2.45E-05 

Pu-242 3.75E+05 ð 
SF  5.54E-06 

U-238 4.47E+09 1.00E+00 

Pu-244+D 8.00E+07 
U-240, Np-240m, (Np-240 1.1000E-

03) 

SF  1.21E-03 

Pu-240 6.56E+03 9.99E-01 

Ra-226+D 1.60E+03 

Rn-222, Po-218, (Pb-214 9.9980E-

01), (Bi-214 1.0E+00), (Po-214 

9.9979E-01), (Tl-210 2.1E-04), (At-

218 2.0E-04), (Rn-218 2.0E-07) 

Pb-210 2.22E+01 1.00E+00 

Ra-228+D 5.75E+00 Ac-228 Th-228 1.91E+00  

Rb-83+D 2.36E-01 (Kr-83m 7.4292E-01) Kr-83 *   

Rb-84 8.97E-02 ð 
Sr-84, Kr-

84 
*   

Rb-87 4.92E+10 ð Sr-87 *   

Re-183 1.92E-01 ð W-183 *   

Re-184 1.04E-01 ð W-184 *   

Re-184m 4.63E-01 ð 
W-184 *  2.46E-01 

Re-184 1.04E-01 7.54E-01 

Re-186m+D 2.00E+05 Re-186 
W-186 *  7.47E-02 

Os-186 2.00E+15 9.25E-01 

Re-187 4.12E+10 ð Os-187 *   

Rh-101 3.30E+00 ð Ru-101 *   

Rh-102 5.67E-01 ð 
Ru-102, 

Pd-102 
*   

Rh-102m 3.74E+00 ð 
Ru-102 *  9.98E-01 

Rh-102 5.67E-01 2.33E-03 

Ru-103+D 1.08E-01 (Rh-103m 0.988) Rh-103 *   

Ru-106+D 1.02E+00 Rh-106 Pd-106 *   

S-35 2.40E-01 ð Cl-35 *   

Sb-124 1.65E-01 ð Te-124 *   

Sb-125 2.76E+00 ð 
Te-125 *  7.69E-01 

Te-125m 1.57E-01 2.31E-01 

Sc-46 2.29E-01 ð Ti-46 *   

Se-75 3.28E-01 ð As-75 *   

Se-79 2.95E+05 ð Br-79 *   

Si-32+D 1.32E+02 P-32 S-32 *   

Sm-145 9.31E-01 ð Pm-145 1.77E+01  

Sm-146 1.03E+08 ð Nd-142 *   

Sm-147 1.06E+11 ð Nd-143 *   

Sm-148 7.00E+15 ð Nd-144 2.29E+15  
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Principal Radionuclidea 

Associated Decay Chainb 

Terminal Nuclide or Radionuclidec 

Species Half-life (yr) Species Half-life (yr) Fraction 

Sm-151 9.00E+01 ð Eu-151 *   

Sn-113+D 3.15E-01 In-113m  In-113 *   

Sn-119m 8.03E-01  ð Sn-119 *   

Sn-121m+D 4.39E+01 (Sn-121 7.7600E-01) Sb-121 *   

Sn-123 3.54E-01  ð Sb-123 *   

Sn-126+D 2.30E+05 Sb-126m, (Sb-126 1.4000E-01) Te-126 *   

Sr-85 1.78E-01 ð Rb-85 *   

Sr-89 1.38E-01 ð Y-89 *   

Sr-90+D 2.88E+01 Y-90 Zr-90 *   

Ta-179 1.82E+00 ð Hf-179 *   

Ta-182 3.13E-01 ð W-182 *   

Tb-157 7.10E+01 ð Gd-157 *   

Tb-158 1.80E+02 ð 
Gd-158, 

Dy-158 
*   

Tb-160 1.98E-01 ð Dy-160 *   

Tc-95m+D 1.67E-01 (Tc-95 3.8800E-02) Mo-95 *   

Tc-97 2.60E+06 ð Mo-97 *   

Tc-97m 2.47E-01 ð Tc-97 2.60E+06  

Tc-98 4.20E+06 ð Ru-98 *   

Tc-99 2.11E+05 ð Ru-99 *   

Te-121m+D 4.22E-01 (Te-121 8.8600E-01) Sb-121 *   

Te-123 6.00E+14 ð Sb-123 *   

Te-123m 3.27E-01 ð Te-123 6.00E+14  

Te-125m 1.57E-01 ð Te-125 *   

Te-127m+D 2.98E-01 (Te-127 9.7600E-01) I-127 *   

Te-129m+D 9.20E-02 (Te-129 6.3000E-01) I-129 1.57E+07  

Th-228+D 1.91E+00 

Ra-224, Rn-220, Po-216, Pb-212, Bi-

212, (Po-212 6.4060E-01), (Tl-208 

3.5940E-01) 

Pb-208 *   

Th-229+D 7.34E+03 

Ra-225, Ac-225, Fr-221, At-217, Bi-

213, (Po-213 9.7910E-01), Pb-209, 

(Tl-209 2.0900E-02) 

Bi-209 *   

Th-230 7.54E+04 ð Ra-226 1.60E+03 1.00E+00 

Th-232 1.41E+10 ð Ra-228 5.75E+00  

Ti-44+D 6.00E+01 Sc-44 Ca-44 *   

Tl-204 3.78E+00 ð 
Pb-204, 

Hg-204 
*   

Tm-168 2.55E-01 ð 
Er-168, 

Yb-168 
*   

Tm-170 3.52E-01 ð 
Er-170, 

Yb-170 
*  

 
Tm-171 1.92E+00 ð Yb-171 *   
U-232 6.89E+01 ð Th-228 1.91E+00  
U-233 1.59E+05 ð Th-229 7.34E+03  
U-234 2.46E+05 ð Th-230 7.54E+04  
U-235+D 7.04E+08 Th-231 Pa-231 3.28E+04  
U-236 2.34E+07 ð Th-232 1.41E+10  

U-238+D 4.47E+09 
Th-234, Pa-234m, (Pa-234 1.6000E-

03) 

SF  5.45E-07 

U-234 2.46E+05  
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Table A-2  (Cont.) 
  

Principal Radionuclidea 

Associated Decay Chainb 

Terminal Nuclide or Radionuclidec 

Species Half-life (yr) Species Half-life (yr) Fraction 

V-49 9.04E-01 ð Ti-49 *   

V-50 1.50E+17 ð 
Ti-50, Cr-

50 
*  

 
W-181 3.32E-01 ð Ta-181 *   
W-185 2.06E-01 ð Re-185 *   
W-188+D 1.91E-01 Re-188 Os-188 *   
Xe-127 9.97E-02 ð I-127 *   

Y-88 2.92E-01 ð Sr-88 *   
Y-91 1.60E-01 ð Zr-91 *   
Yb-169 8.77E-02 ð Tm-169 *   
Zn-65 6.68E-01 ð Cu-65 *   
Zr-88 2.28E-01 ð Y-88 2.92E-01  

Zr-93 1.53E+06 ð 
Nb-93 *   
Nb-93m 1.61E+01 2.50E-02 

Zr-95+D 1.75E-01 (Nb-95m 1.08E-02) 
Mo-95 *   
Nb-95 9.58E-02 9.99E-01 

a Radionuclides with half-lives longer than 30 days. If short-lived progeny are involved, the +D symbol is 

added along with the radionuclide name (e.g., Ac-227+D).  

b The associated progeny with half-lives shorter than 30 days are listed. If the branching fraction is anything 

other than 1, it is listed along with the radionuclide in the bracket. 

c The principal radionuclide or stable nuclide that terminates an associated decay chain. Stable nuclides are 

indicated by an asterisk (*) in place of the half-life. If a radionuclide has spontaneous fission, it is indicated by 

SF. If the branching fraction is anything other than 1, the fraction is listed. 

d Indicates there is no associated radionuclide. 

For some isomers, the notation in ICRP-107 has changed from ICRP-38 notations. In 

ICRP-107, isomers of energy above the ground state are identified by appending ñm,ò ñn,ò ñp,ò 

or ñqò to the mass number, whereas the information during the preparation of ICRP-38 was 

insufficient to identify the ground and excited states of a few radionuclides. Several 

radionuclides that did not have sufficient information were assigned an ad-hoc designation based 

on their physical half-life. Table A-3 shows the correspondence between the ICRP-38 and ICRP-

107 isomers. Some radionuclides in ICRP-38 are not in the ICRP-107 database (see footnote b in 

Table A-3). If any of the radionuclides not in ICRP-107 were selected using the ICRP-38 

radionuclide transformation data and if the transformation database is later changed to ICRP-107 

then these nuclides will be deleted from the analysis.  
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Table A-3  Identification of ICRP -38 and ICRP-107 

Isomers 

 

ICRP-38 Notationa,b  ICRP-107 Notationa 

 

ICRP-38c T1/2  ICRP-107 T1/2 

     

Nb-89a 66 m  Nb-89m 66 m 

Nb-89b 122 m  Nb-89 2.03 h 

Nb-98 51.5 m  Nb-98m 51.3 m 

Rh-102 2.9 y  Rh-102m 3.742 y 

Rh-102m 207 d  Rh-102 207 d 

In-110a 69.1 m  In-110m 69.1 m 

In-110b 4.9 h  In-110 4.9 h 

Sb-120a 15.89 m  Sb-120 15.89 m 

Sb-120b 5.76 d  Sb-120m 5.76 d 

Sb-128a 10.4 m  Sb-128m 10.4 m 

Sb-128b 9.01 h  Sb-128 9.01 h 

Eu-150a 12.62 h  Eu-150m 12.8 h 

Eu-150b 34.2 y  Eu-150 36.9 y 

Ta-178a 9.31 m  Ta-178 9.31 m 

Ta-178b 2.2 h  Ta-178m 2.36 h 

Ta-180m 8.1 h  Ta-180 8.152 h 

Ta-180 1.0E13 y  Ta-180m ðe 

Re-182a 12.7 h  Re-182m 12.7 h 

Re-182b 64.0 h  Re-182 64.0 h 

Ir-186b 1.75 h  Ir-186m 1.92 h 

Ir-186a 15.8 h  Ir-186 16.64 h 

Ir-192m 241 y  Ir-192nd 241 y 

Np-236b 22.5 h  Np-236m 22.5 h 

Np-236a 115E3 y  Np-236 1.54E5 y 

Es-250 2.1 h  Es-250m 2.22 h 

a Half-life (T½) units: mðminute(s); hðhour(s); dð

day(s); yðyear(s). 

b Nb-97m (60 s), W-176 (2.3 h), Re-177 (14 m), Md-

257 (5.2 h), and Md-258 (55 d) were in ICRP-38 

(T1/2 values from ICRP-38) but are not in ICRP-107. 

c Ad-hoc notation ñaò and ñbò used in ICRP-38 

database. 

d Metastable state of higher energy than the first 

metastable state. 

e Ta-180m, T1/2 in excess of 1.2E15 y; decay has not 

been observed (i.e., observationally stable). 
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A.2  DOSE COEFFICIENT LIBRARIES  

The RESRAD-BUILD code is linked to a stand-alone utility program called the DCF 

Editor. This DCF Editor manages an array of dose coefficient (dose conversion factor) and risk 

coefficient (slope factor) libraries developed based on different radionuclide transformation 

databases and with different methodologies (see Sections A.3 and A.5 for more information). 

The RESRAD-BUILD code can access and retrieve data in specific dose and risk coefficient 

libraries that are specified by the users for use in dose/risk calculations. The dose and risk 

coefficient libraries managed by the DCF Editor include base libraries taken directly from ICRP 

and federal government publications as well as user-created libraries. The user-created libraries 

are libraries created by modifying one of the base libraries and are named by the users. Chapter 5 

of the RESRAD-BUILD Userôs Guide (Volume 2 of this report) provides detailed instructions 

on creating a user DCF library. 

There are two sets of base dose coefficient libraries developed with the ICRP-38 

radionuclide transformation database. One set was developed using the ICRP-26/30 

methodology (ICRP 1977, 1979) and published in Federal Guidance Reports (FGRs) No. 11 

(Eckerman et al. 1988) and No.12 (Eckerman and Ryman 1993). These base libraries only 

include dose coefficients for adult members of the public. The other set of base libraries was 

developed using the ICRP-60 methodology (ICRP 1991) and published in the ICRP-72 report 

(ICRP 1996). These libraries include dose coefficients for six different age groups (infant, 1, 5, 

10, 15, and adult) of the general public. There is one set of base dose coefficient library 

developed with the ICRP-107 radionuclide transformation database. This library also includes 

dose coefficients for six different age groups (infant, 1, 5, 10, 15, and adult) of the general public 

and for the DOE-STD-1196-2011 Reference Person. The reference person is defined as a 

hypothetical aggregation of human (male and female) physical and physiological characteristics 

arrived at by international consensus for standardizing radiation dose calculations. The reference 

person dose coefficients are derived using age-specific dose coefficients coupled with 

information on the age and gender structure of the U.S. population in 2000 census data and age- 

and gender-specific intakes (DOE 2011). 

A.2.1  ICRP-26/30-Based Dose Coefficient Libraries  Developed with ICRP-38 Radionuclide 

Transformation Database 

FGR No.12 (Eckerman and Ryman 1993) lists dose coefficients for external exposure to 

photons and electrons emitted by radionuclides distributed in air, water, and soil. These dose 

coefficients relate the absorbed doses adjusted for radiation type, i.e., dose equivalent, to 

different organs and tissues of the body, as well as the effective dose equivalent to the whole 

body, from an entire year of external exposure to an environmental medium with a unit 

concentration of radionuclides. The RESRAD-BUILD code uses only the dose coefficients for 

the whole body for exposure to radionuclides in air (for the air submersion pathway) and in soil 

(for the direct external and deposition pathways). Appendix C provides discussions on the 

methodology implemented in the code for external dose calculations. 

FGR 11 (Eckerman et al. 1988) lists dose coefficients for internal exposure to the 

radiation emitted by radionuclides that enter a human body through inhalation and ingestion. A 

dose coefficient for inhalation relates the committed dose, i.e., the total dose over 50 years after 
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the intake of radionuclides, to a unit intake of radionuclides through inhalation. Like the external 

exposure, the RESRAD-BUILD code uses only the committed effective dose equivalent for the 

whole body. The amount of radionuclides that will reach and distribute in the respiratory system 

after inhalation intake depends on the size of the particles that carry the radionuclides. The 

committed dose equivalent to different issues and organs, thereby the committed effective dose 

equivalent to the whole body, also depends on how fast the radionuclides will be cleared from 

the lungs after the intake. The dose coefficients for inhalation were developed for the dust 

particles with an activity median aerodynamic diameter (AMAD) of 1 µm. Values are available 

for different inhalation classes D, W, and Y, referring to the different rates of clearance from the 

lungs, which correspond to retention half-times of less than 10 days, 10 to 100 days, and more 

than 100 days, respectively. These different values are included in the base library and can be 

viewed with the DCF Editor. By default, the largest dose coefficient is selected for use in dose 

calculations, unless the user chooses a different value and saves it to a user-created library for 

use by the code. Appendix E discusses the calculations of radiation dose for the inhalation 

pathway using the inhalation dose coefficients. 

A dose coefficient for ingestion is the dose/exposure ratio for the committed dose that an 

individual would incur from a unit intake of radionuclide by ingestion. The ingestion dose 

coefficient of a radionuclide depends on its chemical form, which determines the fraction of the 

radionuclide entering the gastrointestinal tract that would enter the body fluid, i.e., fraction of 

uptake. FGR 11 includes committed dose equivalents for different organs or tissues as well as 

committed effective dose equivalents for the whole body; the whole-body dose coefficients are 

used by RESRAD-BUILD in dose calculations. Some radionuclides (those of antimony, 

tungsten, mercury, uranium, and plutonium) can assume different chemical forms; therefore, 

they have different dose coefficients for ingestion in the base library. By default, the largest dose 

coefficient is selected for use in dose calculations, unless the user chooses a different value and 

saves it to a user-created library for use by the code. Appendix H discusses the calculations of 

radiation dose for the ingestion pathway using the ingestion dose coefficients. 

Table A-4 lists the default ingestion, inhalation, and air submersion dose coefficients 

used in the RESRAD-BUILD code for calculating the radiation dose associated with the 

exposure to each principal radionuclide with half-life of at least 30 days. The listed values 

include the contributions from associated progenies, if applicable; in that case, the listed values 

are different from the default values stored in the FGR 11/12 base library that can be displayed 

and viewed with the DCF Editor. The direct external pathway dose coefficients are provided in 

Appendix C. 
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Table A-4  Default Ingestion, Inhalation, and Air Submersion Dose Coefficients for at least 30 Day 

Half -life Radionuclides from FGR 11 and FGR 12 in RESRAD-BUILD Code 

Radionuclidea Associated Radionuclidesb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per pCi/m3) 

Ac-227+D 

(Th-227 9.8620E-01), Ra-223, 

Rn-219, Po-215, Pb-211, Bi-211, 

(Tl-207 9.9720E-01), (Po-211 

2.8000E-03), (Fr-223 1.3800E-02) 

1.48E-02 6.72E+00 2.16E-03 

Ag-105 ðc 2.04E-06 4.66E-06 2.86E-03 

Ag-108m+D (Ag-108 8.9000E-02) 7.62E-06 2.83E-04 9.11E-03 

Ag-110m+D (Ag-110 1.3300E-02) 1.08E-05 8.03E-05 1.59E-02 

Al -26 ð 1.46E-05 7.96E-05 1.59E-02 

Am-241 ð 3.64E-03 4.44E-01 9.55E-05 

Am-242m+D (Am-242 0.9952), (Np-238 0.0048) 3.51E-03 4.26E-01 9.02E-05 

Am-243+D Np-239 3.62E-03 4.40E-01 1.15E-03 

Ar-37 ð 0.00E+00 0.00E+00 1.48E-08 

Ar-39 ð 0.00E+00 0.00E+00 1.06E-06 

As-73 ð 7.07E-07 3.46E-06 2.22E-05 

Au-195 ð 1.06E-06 1.30E-05 3.75E-04 

Ba-133 ð 3.40E-06 7.81E-06 2.08E-03 

Be-10 ð 4.66E-06 3.54E-04 1.31E-06 

Be-7 ð 1.28E-07 3.21E-07 2.75E-04 

Bi-207 ð 5.48E-06 2.00E-05 8.80E-03 

Bi-210m+D Tl-206 9.58E-05 7.58E-03 1.43E-03 

Bk-247 ð 4.70E-03 5.73E-01 5.50E-04 

Bk-249+D (Am-245 1.45E-5) 1.20E-05 1.39E-03 1.21E-08 

C-14 ð 2.09E-06 2.09E-06 2.61E-08 

Ca-41 ð 1.27E-06 1.35E-06 0.00E+00 

Ca-45 ð 3.16E-06 6.62E-06 1.01E-07 

Cd-109 ð 1.31E-05 1.14E-04 3.43E-05 

Cd-113 ð 1.74E-04 1.67E-03 1.69E-07 

Cd-113m ð 1.61E-04 1.53E-03 8.10E-07 

Cd-115m ð 1.62E-05 7.21E-05 1.37E-04 

Ce-139 ð 1.14E-06 9.07E-06 7.85E-04 

Ce-141 ð 2.90E-06 8.95E-06 4.00E-04 

Ce-144+D (Pr-144m 0.0178), Pr-144 2.11E-05 3.74E-04 3.28E-04 

Cf-248 ð 3.34E-04 5.07E-02 5.52E-07 

Cf-249 ð 4.74E-03 5.77E-01 1.84E-03 

Cf-250 ð 2.13E-03 2.62E-01 5.25E-07 

Cf-251 ð 4.85E-03 5.88E-01 6.51E-04 

Cf-252 ð 1.08E-03 1.57E-01 5.91E-07 

Cf-254 ð 2.42E-03 2.93E-01 1.72E-09 

Cl-36 ð 3.03E-06 2.19E-05 2.60E-06 

Cm-241 ð 4.48E-06 1.47E-04 2.70E-03 

Cm-242 ð 1.15E-04 1.73E-02 6.64E-07 

Cm-243 ð 2.51E-03 3.07E-01 6.86E-04 

Cm-244 ð 2.02E-03 2.48E-01 5.73E-07 

Cm-245 ð 3.74E-03 4.55E-01 4.62E-04 

Cm-246 ð 3.70E-03 4.51E-01 5.21E-07 

Cm-247+D Pu-243 3.42E-03 4.14E-01 1.87E-03 

Cm-248 ð 1.36E-02 1.65E+00 3.96E-07 
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Table A-4  (Cont.) 
   

Radionuclidea Associated Radionuclidesb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per pCi/m3) 

Cm-250 
(Pu-246 0.25), (Am-246 0.25), (Bk-

250 0.14) 
7.77E-02 9.40E+00 2.36E-03 

Co-56 ð 1.26E-05 3.96E-05 2.14E-02 

Co-57 ð 1.18E-06 9.07E-06 6.55E-04 

Co-58 ð 3.58E-06 1.09E-05 5.56E-03 

Co-60 ð 2.69E-05 2.19E-04 1.47E-02 

Cs-134 ð 7.33E-05 4.62E-05 8.83E-03 

Cs-135 ð 7.07E-06 4.55E-06 6.59E-08 

Cs-137+D (Ba-137m 0.946) 5.00E-05 3.19E-05 3.18E-03 

Dy-159  ð 4.44E-07 2.43E-06 1.46E-04 

Es-254+D Bk250 3.14E-04 4.11E-02 5.14E-03 

Eu-148 ð 5.74E-06 1.43E-05 1.24E-02 

Eu-149 ð 4.59E-07 1.89E-06 2.63E-04 

Eu-150 ð 6.36E-06 2.68E-04 8.37E-03 

Eu-152 ð 6.48E-06 2.21E-04 6.59E-03 

Eu-154 ð 9.55E-06 2.86E-04 7.17E-03 

Eu-155 ð 1.53E-06 4.14E-05 2.91E-04 

Fe-55 ð 6.07E-07 2.69E-06 0.00E+00 

Fe-59 ð 6.70E-06 1.48E-05 6.97E-03 

Fe-60+D Co-60m 1.52E-04 7.47E-04 2.54E-05 

Fm-257+D 
Cf-253, (Es-253 9.9690E-01), 

(Cm-249 3.1000E-03) 
1.99E-04 3.05E-02 5.47E-04 

Gd-146 Eu-146 9.84E-06 4.20E-05 1.55E-02 

Gd-148 ð 2.18E-04 3.30E-01 0.00E+00 

Gd-151 ð 8.25E-07 8.88E-06 2.57E-04 

Gd-152 ð 1.61E-04 2.43E-01 0.00E+00 

Gd-153 ð 1.17E-06 2.38E-05 4.33E-04 

Ge-68+D Ga-68 1.41E-06 5.19E-05 5.34E-03 

H-3  ð 6.40E-08 6.40E-08 3.86E-08 

Hf-172+D Lu-172 1.01E-05 3.23E-04 1.13E-02 

Hf-175 ð 1.82E-06 5.59E-06 1.97E-03 

Hf-178m ð 2.10E-05 2.46E-03 1.31E-02 

Hf-181 ð 4.70E-06 1.54E-05 3.06E-03 

Hf-182 ð 1.59E-05 3.32E-03 1.33E-03 

Hg-194+D Au-194 2.90E-04 1.82E-04 6.17E-03 

Hg-203 ð 1.14E-05 7.33E-06 1.32E-03 

Ho-166m ð 8.07E-06 7.73E-04 9.86E-03 

I-125 ð 3.85E-05 2.42E-05 6.09E-05 

I-129 ð 2.76E-04 1.74E-04 4.43E-05 

In-114m+D (In-114 0.957) 1.71E-05 8.88E-05 5.03E-04 

In-115 ð 1.58E-04 3.74E-03 5.25E-07 

Ir-192 ð 5.74E-06 2.82E-05 4.56E-03 

Ir-192m ð 1.57E-06 3.85E-04 8.91E-04 

Ir-194m ð 9.10E-06 6.84E-05 1.31E-02 

K-40 ð 1.86E-05 1.24E-05 9.39E-04 

Kr-81 ð 0.00E+00 0.00E+00 3.12E-05 

Kr-85 ð 0.00E+00 0.00E+00 1.39E-05 

La-137 ð 4.55E-07 8.77E-05 4.74E-05 

La-138 ð 5.88E-06 1.37E-03 7.24E-03 
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Table A-4  (Cont.) 
   

Radionuclidea Associated Radionuclidesb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per pCi/m3) 

Lu-173 ð 1.09E-06 2.25E-05 5.95E-04 

Lu-174 ð 1.11E-06 3.96E-05 6.37E-04 

Lu-174m ð 2.13E-06 2.54E-05 2.54E-04 

Lu-176 ð 7.33E-06 6.62E-04 2.71E-03 

Lu-177m+D (Lu-177 0.21) 7.81E-06 7.38E-05 5.49E-03 

Md-258   1.18E-04 1.65E-02 5.93E-06 

Mn-53 ð 1.08E-07 5.00E-07 0.00E+00 

Mn-54 ð 2.77E-06 6.70E-06 4.77E-03 

Mo-93 ð 1.35E-06 2.84E-05 2.94E-06 

Na-22 ð 1.15E-05 7.66E-06 1.26E-02 

Nb-93m ð 5.22E-07 2.92E-05 5.18E-07 

Nb-94 ð 7.14E-06 4.14E-04 8.99E-03 

Nb-95 ð 2.57E-06 5.81E-06 4.36E-03 

Ni-59 ð 2.10E-07 2.70E-06 0.00E+00 

Ni-63 ð 5.77E-07 6.29E-06 0.00E+00 

Np-235 ð 2.43E-07 4.14E-06 5.95E-06 

Np-236 ð 8.66E-04 1.04E-01 6.25E-04 

Np-237+D Pa-233 4.44E-03 5.40E-01 1.21E-03 

Os-185  ð 2.26E-06 1.04E-05 4.00E-03 

Os-194+D Ir-194 1.62E-05 6.73E-04 5.33E-04 

Pa-231  ð 1.06E-02 1.28E+00 2.01E-04 

Pb-202+D Tl-202 4.04E-05 9.91E-05 2.54E-03 

Pb-205  ð 1.63E-06 3.92E-06 5.90E-08 

Pb-210+D Bi-210 5.38E-03 1.38E-02 1.04E-05 

Pd-107 ð 1.49E-07 1.28E-05 0.00E+00 

Pm-143 ð 1.03E-06 1.09E-05 1.70E-03 

Pm-144 ð 4.33E-06 5.37E-05 8.73E-03 

Pm-145 ð 4.74E-07 3.05E-05 8.27E-05 

Pm-146 ð 3.67E-06 1.47E-04 4.19E-03 

Pm-147 ð 1.05E-06 3.92E-05 8.09E-08 

Pm-148m+D (Pm-148 0.046) 8.16E-06 2.31E-05 1.15E-02 

Po-209 ð 0.00E+00 0.00E+00 0.00E+00 

Po-210 ð 1.90E-03 9.40E-03 4.85E-08 

Pt-193 ð 1.19E-07 2.27E-07 4.65E-08 

Pu-236 ð 1.17E-03 1.45E-01 7.41E-07 

Pu-237 ð 4.44E-07 1.97E-06 2.36E-04 

Pu-238 ð 3.20E-03 3.92E-01 5.70E-07 

Pu-239 ð 3.54E-03 4.29E-01 4.95E-07 

Pu-240 ð 3.54E-03 4.29E-01 5.54E-07 

Pu-241+D (U-237 0.0000245) 6.84E-05 8.25E-03 2.55E-08 

Pu-242 ð 3.36E-03 4.11E-01 4.68E-07 

Pu-244+D (U-240 0.9988), (Np-240m 0.9988) 3.32E-03 4.03E-01 1.89E-03 

Ra-226+D 

Rn-222,Po-218, (Pb-214 9.9980E-01), 

Bi-214, (Po-214 9.9980E-01), (Tl-210 

2.0000E-04), (At-218 2.0000E-04) 

1.32E-03 8.59E-03 1.03E-02 

Ra-228+D Ac-228 1.44E-03 5.08E-03 5.58E-03 

Rb-83+D (Kr-83m 0.76199) 7.70E-06 4.92E-06 2.79E-03 

Rb-84 ð 9.99E-06 6.51E-06 5.22E-03 

Rb-87 ð 4.92E-06 3.23E-06 2.12E-07 
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Table A-4  (Cont.) 
   

Radionuclidea Associated Radionuclidesb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per pCi/m3) 

Re-184 ð 2.19E-06 5.14E-06 5.01E-03 

Re-184m ð 2.95E-06 1.47E-05 2.12E-03 

Re-186m+D Re-186 6.94E-06 3.93E-05 1.66E-04 

Re-187 ð 9.51E-09 5.44E-08 0.00E+00 

Rh-101 ð 2.32E-06 3.96E-05 1.41E-03 

Rh-102 ð 1.04E-05 1.20E-04 1.21E-02 

Rh-102m ð 4.70E-06 4.77E-05 2.70E-03 

Ru-103+D (Rh-103m 0.997) 3.06E-06 8.96E-06 2.63E-03 

Ru-106+D Rh-106 2.74E-05 4.77E-04 1.21E-03 

S-35 ð 7.33E-07 2.48E-06 2.84E-08 

Sb-124 ð 1.01E-05 2.52E-05 1.07E-02 

Sb-125 ð 2.81E-06 1.22E-05 2.36E-03 

Sc-46 ð 6.40E-06 2.96E-05 1.16E-02 

Se-75 ð 9.62E-06 8.47E-06 2.16E-03 

Se-79 ð 8.69E-06 9.84E-06 3.54E-08 

Si-32+D P-32 1.09E-05 1.03E-03 1.16E-05 

Sm-145 ð 9.10E-07 1.10E-05 1.88E-04 

Sm-146 ð 2.04E-04 8.25E-02 0.00E+00 

Sm-147 ð 1.85E-04 7.47E-02 0.00E+00 

Sm-151 ð 3.89E-07 3.00E-05 4.21E-09 

Sn-113+D In-113m 3.18E-06 1.07E-05 1.46E-03 

Sn-119m  ð 1.39E-06 6.25E-06 1.18E-05 

Sn-121m+D (Sn-121 0.776) 2.25E-06 1.19E-05 7.24E-06 

Sn-123  ð 8.40E-06 3.25E-05 4.70E-05 

Sn-126+D Sb-126m, (Sb-126 0.14) 2.11E-05 1.01E-04 1.12E-02 

Sr-85 ð 1.98E-06 5.03E-06 2.82E-03 

Sr-89 ð 9.25E-06 4.14E-05 9.02E-06 

Sr-90+D Y-90 1.53E-04 1.31E-03 2.31E-05 

Ta-179 ð 2.73E-07 6.51E-06 1.27E-04 

Ta-180 ð 3.63E-06 2.45E-04 3.02E-03 

Ta-182 ð 6.51E-06 4.48E-05 7.47E-03 

Tb-157 ð 1.24E-07 9.21E-06 7.91E-06 

Tb-158 ð 4.40E-06 2.56E-04 4.48E-03 

Tb-160 ð 6.73E-06 2.50E-05 6.47E-03 

Tc-95m+D (Tc-95 0.04) 1.47E-06 3.89E-06 3.95E-03 

Tc-97 ð 1.71E-07 9.92E-07 3.89E-06 

Tc-97m ð 1.24E-06 4.88E-06 5.42E-06 

Tc-98 ð 4.88E-06 2.29E-05 8.01E-03 

Tc-99 ð 1.46E-06 8.32E-06 1.89E-07 

Te-121m+D (Te-121 0.886) 9.19E-06 1.76E-05 3.95E-03 

Te-123 ð 4.18E-06 1.05E-05 2.51E-05 

Te-123m ð 5.66E-06 1.06E-05 7.60E-04 

Te-125m ð 3.67E-06 7.29E-06 5.29E-05 

Te-127m+D (Te-127 0.976) 8.92E-06 2.18E-05 4.47E-05 

Te-129m+D (Te-129 0.65) 1.08E-05 2.40E-05 3.89E-04 

Th-228+D 

Ra-224, Rn-220, Po-216, Pb-212, 

Bi-212, (Po-212 0.6407), (Tl-208 

0.3593) 

8.09E-04 3.45E-01 9.37E-03 
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Table A-4  (Cont.) 
   

Radionuclidea Associated Radionuclidesb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per pCi/m3) 

Th-229+D 

Ra-225, Ac-225, Fr-221, At-217, Bi-

213, (Po-213 0.9784), (Tl-209 0.0216), 

Pb-209 

4.03E-03 2.17E+00 1.74E-03 

Th-230 ð 5.48E-04 3.26E-01 2.03E-06 

Th-232 ð 2.73E-03 1.64E+00 1.02E-06 

Ti-44+D Sc-44 2.45E-05 1.02E-03 1.29E-02 

Tl-204 ð 3.36E-06 2.41E-06 6.52E-06 

Tm-170 ð 5.29E-06 2.63E-05 2.60E-05 

Tm-171 ð 4.29E-07 9.14E-06 2.51E-06 

U-232 ð 1.31E-03 6.59E-01 1.66E-06 

U-233 ð 2.89E-04 1.35E-01 1.90E-06 

U-234 ð 2.83E-04 1.32E-01 8.91E-07 

U-235+D Th-231 2.67E-04 1.23E-01 9.01E-04 

U-236 ð 2.69E-04 1.25E-01 5.85E-07 

U-238+D 
Th-234, (Pa-234m 0.998), (Pa-234 

0.0033) 
2.69E-04 1.18E-01 1.60E-04 

V-49 ð 6.14E-08 3.45E-07 0.00E+00 

W-181 ð 3.44E-07 1.51E-07 1.63E-04 

W-185 ð 1.99E-06 7.51E-07 6.27E-07 

W-188+D Re-188 1.25E-05 6.12E-06 3.46E-04 

Xe-127 ð 0.00E+00 0.00E+00 1.46E-03 

Y-88 ð 5.99E-06 2.81E-05 1.60E-02 

Y-91 ð 9.51E-06 4.88E-05 3.03E-05 

Yb-169 ð 3.00E-06 8.07E-06 1.51E-03 

Zn-65 ð 1.44E-05 2.04E-05 3.38E-03 

Zr-88 ð 1.49E-06 2.43E-05 2.19E-03 

Zr-93 ð 1.66E-06 3.21E-04 0.00E+00 

Zr-95+D (Nb-95m 0.007) 3.79E-06 2.36E-05 4.20E-03 

a Dose conversion factors for entries labeled with ñ+Dò are aggregated dose conversion factors of the principal 

radionuclide together with the associated decay progenies. 

b The associated decay progenies are listed. If a branching fraction is anything other than 1, it is listed along 

with the radionuclide in the bracket. 

c Dash indicates there is no associated radionuclide. 

A.2.2  ICRP-60 Based Dose Coefficient Libraries Developed with ICRP-38 Database 

ICRP-72 lists inhalation and ingestion dose coefficients that were developed with the 

ICRP-38 radionuclide transformation database and the ICRP-60 dose estimation methodology 

(see Section A.3). Dose coefficients for six age groupsτinfant, 1, 5, 10, 15, and adultðare 

available and are stored in six separate base DCF libraries. In addition to using a newer 

biokinetic model than the ICRP-26/30 methodology, the ICRP-60 methodology also replaces the 

three inhalation classes D (days), W (week), and Y (year) used in the ICRP-26/30 methodology 

with the F (fast), M (medium), S (slow), and V (very fast) classes; the V class applies to 

radionuclides in a gas or vapor form. For a radionuclide that has multiple dose coefficients in a 
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base library, the largest one is set as the default for use in dose calculations, unless the user 

chooses a different value and saves it to a user-created library for use by the code. 

Table A-5 lists the default ingestion, inhalation, and air submersion dose coefficients for 

adult members of the general public that are used in the RESRAD-BUILD code for calculating 

the radiation dose associated with the exposure to each principal radionuclide with a cut-off half-

life of at least 30 days. The listed values include the contributions from associated progenies, if 

applicable; in that case, the listed values are different from the default values stored in the ICRP-

60/72 base library that can be displayed and viewed with the DCF Editor. The direct external 

exposure dose coefficients are provided in Appendix C. 

Table A-5  Default Ingestion, Inhalation, and Air Submersion Dose Coefficients for at least 

30 Day Half-life Radionuclides from ICRP-72 and FGR 13 in RESRAD-BUILD Code 

Radionuclidea Associated Progeny Radionuclidesb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air 

Submersion 

(mrem/yr per 

pCi/m3) 

Ac-227+D 

(Th-227 9.8620E-01), Ra-223, Rn-219, Po-

215, Pb-211, Bi-211, (Tl-207 9.9720E-01), 

(Po-211 2.8000E-03), (Fr-223 1.3800E-02) 

4.47E-03 2.10E+00 2.03E-03 

Ag-105 ðc 1.74E-06 3.00E-06 2.64E-03 

Ag-108m+D (Ag-108 8.9000E-02) 8.51E-06 1.37E-04 8.47E-03 

Ag-110m+D (Ag-110 1.3300E-02) 1.04E-05 4.44E-05 1.48E-02 

Al -26 ð 1.30E-05 7.40E-05 1.49E-02 

Am-241 ð 7.40E-04 3.55E-01 7.87E-05 

Am-242m+D (Am-242 0.9952), (Np-238 0.0048) 7.04E-04 3.40E-01 8.79E-05 

Am-243+D Np-239 7.43E-04 3.55E-01 1.03E-03 

Ar-37 ð 0.00E+00 0.00E+00 0.00E+00 

Ar-39 ð 0.00E+00 0.00E+00 1.34E-05 

As-73 ð 9.62E-07 3.70E-06 1.81E-05 

Au-195 ð 9.25E-07 6.29E-06 3.19E-04 

Ba-133 ð 5.55E-06 3.70E-05 1.89E-03 

Be-10 ð 4.07E-06 1.29E-04 1.61E-05 

Be-7 ð 1.04E-07 2.03E-07 2.56E-04 

Bi-207 ð 4.81E-06 2.07E-05 8.22E-03 

Bi-210m+D Tl-206 5.55E-05 1.26E-02 1.35E-03 

Bk-247 ð 1.29E-03 2.55E-01 4.90E-04 

Bk-249+D (Am-245 1.45E-5) 3.59E-06 5.92E-04 5.71E-08 

C-14 ð 2.15E-06 2.15E-05 3.04E-07 

Ca-41 ð 7.03E-07 6.66E-07 0.00E+00 

Ca-45 ð 2.63E-06 1.37E-05 1.79E-06 

Cd-109 ð 7.40E-06 3.00E-05 2.66E-05 

Cd-113 ð 9.25E-05 4.44E-04 2.95E-06 

Cd-113m ð 8.51E-05 4.07E-04 1.06E-05 

Cd-115m ð 1.22E-05 2.85E-05 1.73E-04 

Ce-139 ð 9.62E-07 7.03E-06 6.97E-04 

Ce-141 ð 2.63E-06 1.41E-05 3.62E-04 

Ce-144+D (Pr-144m 0.0178), Pr-144 1.94E-05 1.96E-04 3.99E-04 

Cf-248 ð 1.04E-04 3.26E-02 3.79E-07 

Cf-249 ð 1.29E-03 2.59E-01 1.69E-03 
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Table A-5  (Cont.)  

Radionuclidea Associated Progeny Radionuclidesb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air 

Submersion 

(mrem/yr per 

pCi/m3) 

Cf-250 ð 5.92E-04 1.26E-01 3.61E-07 

Cf-251 ð 1.33E-03 2.63E-01 5.85E-04 

Cf-252 ð 3.33E-04 7.40E-02 2.70E-03 

Cf-254 ð 1.48E-03 1.52E-01 9.87E-02 

Cl-36 ð 3.44E-06 2.70E-05 1.94E-05 

Cm-241 ð 3.37E-06 1.37E-04 2.46E-03 

Cm-242 ð 4.44E-05 2.18E-02 4.69E-07 

Cm-243 ð 5.55E-04 2.55E-01 6.19E-04 

Cm-244 ð 4.44E-04 2.11E-01 3.97E-07 

Cm-245 ð 7.77E-04 3.66E-01 4.07E-04 

Cm-246 ð 7.77E-04 3.63E-01 3.62E-07 

Cm-247+D Pu-243 7.03E-04 3.33E-01 1.72E-03 

Cm-248 ð 2.85E-03 1.33E+00 7.74E-03 

Cm-250 (Pu-246 0.25), (Am-246 0.25), (Bk-250 0.14) 1.63E-02 7.77E+00 5.93E-02 

Co-56 ð 9.25E-06 2.48E-05 2.02E-02 

Co-57 ð 7.77E-07 3.70E-06 5.80E-04 

Co-58 ð 2.74E-06 7.77E-06 5.18E-03 

Co-60 ð 1.26E-05 1.15E-04 1.39E-02 

Cs-134 ð 7.03E-05 7.40E-05 8.24E-03 

Cs-135 ð 7.40E-06 3.18E-05 1.11E-06 

Cs-137+D (Ba-137m 0.946) 4.81E-05 1.44E-04 2.98E-03 

Dy-159  ð 3.70E-07 1.37E-06 1.16E-04 

Es-254+D Bk250 1.04E-04 3.18E-02 4.83E-03 

Eu-148 ð 4.81E-06 9.62E-06 1.15E-02 

Eu-149 ð 3.70E-07 1.07E-06 2.28E-04 

Eu-150 ð 4.81E-06 1.96E-04 7.75E-03 

Eu-152 ð 5.18E-06 1.55E-04 6.17E-03 

Eu-154 ð 7.40E-06 1.96E-04 6.71E-03 

Eu-155 ð 1.18E-06 2.55E-05 2.50E-04 

Fe-55 ð 1.22E-06 2.85E-06 0.00E+00 

Fe-59 ð 6.66E-06 1.48E-05 6.56E-03 

Fe-60+D Co-60m 4.07E-04 1.04E-03 2.36E-05 

Fm-257+D 
Cf-253, (Es-253 9.9690E-01), (Cm-249 

3.1000E-03) 
8.32E-05 4.10E-02 4.89E-04 

Gd-146 Eu-146 8.36E-06 2.66E-05 1.44E-02 

Gd-148 ð 2.07E-04 9.62E-02 0.00E+00 

Gd-151 ð 7.40E-07 3.18E-06 2.19E-04 

Gd-152 ð 1.52E-04 7.03E-02 0.00E+00 

Gd-153 ð 9.99E-07 7.77E-06 3.63E-04 

Ge-68+D Ga-68 5.18E-06 5.20E-05 5.01E-03 

H-3  ð 1.55E-07 9.62E-07 0.00E+00 

Hf-172+D Lu-172 8.51E-06 1.24E-04 1.05E-02 

Hf-175 ð 1.52E-06 4.44E-06 1.80E-03 

Hf-178m ð 1.74E-05 9.62E-04 1.20E-02 

Hf-181 ð 4.07E-06 1.85E-05 2.83E-03 

Hf-182 ð 1.11E-05 1.15E-03 1.20E-03 

Hg-194+D Au-194 1.90E-04 1.49E-04 5.77E-03 
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Table A-5  (Cont.)  

Radionuclidea Associated Progeny Radionuclidesb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air 

Submersion 

(mrem/yr per 

pCi/m3) 

Hg-203 ð 7.03E-06 2.59E-05 1.21E-03 

Ho-166m ð 7.40E-06 4.44E-04 9.15E-03 

I-125 ð 5.55E-05 5.18E-05 4.36E-05 

I-129 ð 4.07E-04 3.55E-04 3.28E-05 

In-114m+D (In-114 0.957) 1.52E-05 3.44E-05 4.72E-04 

In-115 ð 1.18E-04 1.44E-03 7.65E-06 

Ir-192 ð 5.18E-06 2.44E-05 4.22E-03 

Ir-192m ð 1.15E-06 1.44E-04 7.99E-04 

Ir-194m ð 7.77E-06 4.81E-05 1.21E-02 

K-40 ð 2.29E-05 7.77E-06 9.25E-04 

Kr-81 ð 0.00E+00 0.00E+00 2.85E-05 

Kr-85 ð 0.00E+00 0.00E+00 2.80E-05 

La-137 ð 3.00E-07 3.22E-05 3.50E-05 

La-138 ð 4.07E-06 5.55E-04 6.82E-03 

Lu-173 ð 9.62E-07 8.88E-06 5.16E-04 

Lu-174 ð 9.99E-07 1.55E-05 5.77E-04 

Lu-174m ð 1.96E-06 1.55E-05 2.15E-04 

Lu-176 ð 6.66E-06 2.59E-04 2.46E-03 

Lu-177m+D (Lu-177 0.21) 6.70E-06 6.01E-05 4.99E-03 

Md-258   4.81E-05 2.18E-02 4.54E-06 

Mn-53 ð 1.11E-07 2.00E-07 0.00E+00 

Mn-54 ð 2.63E-06 5.55E-06 4.47E-03 

Mo-93 ð 1.15E-05 8.51E-06 2.02E-06 

Na-22 ð 1.18E-05 4.81E-06 1.19E-02 

Nb-93m ð 4.44E-07 6.66E-06 3.56E-07 

Nb-94 ð 6.29E-06 1.81E-04 8.41E-03 

Nb-95 ð 2.15E-06 6.66E-06 4.08E-03 

Ni-59 ð 2.33E-07 3.07E-06 0.00E+00 

Ni-63 ð 5.55E-07 7.40E-06 0.00E+00 

Np-235 ð 1.96E-07 2.33E-06 4.89E-06 

Np-236 ð 6.29E-05 2.96E-02 5.54E-04 

Np-237+D Pa-233 4.10E-04 1.85E-01 1.10E-03 

Os-185  ð 1.89E-06 5.92E-06 3.71E-03 

Os-194+D Ir-194 1.37E-05 3.17E-04 5.55E-04 

Pa-231  ð 2.63E-03 5.18E-01 1.83E-04 

Pb-202+D Tl-202 3.42E-05 4.51E-05 2.34E-03 

Pb-205  ð 1.04E-06 3.14E-06 6.36E-08 

Pb-210+D Bi-210 2.56E-03 2.11E-02 3.53E-05 

Pd-107 ð 1.37E-07 2.18E-06 0.00E+00 

Pm-143 ð 8.51E-07 5.55E-06 1.58E-03 

Pm-144 ð 3.59E-06 3.03E-05 8.12E-03 

Pm-145 ð 4.07E-07 1.33E-05 6.41E-05 

Pm-146 ð 3.33E-06 7.77E-05 3.90E-03 

Pm-147 ð 9.62E-07 1.85E-05 1.01E-06 

Pm-148m+D (Pm-148 0.046) 6.75E-06 2.15E-05 1.07E-02 

Po-209 ð 0.00E+00 0.00E+00 0.00E+00 

Po-210 ð 4.44E-03 1.59E-02 4.54E-08 
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Table A-5  (Cont.)  

Radionuclidea Associated Progeny Radionuclidesb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air 

Submersion 

(mrem/yr per 

pCi/m3) 

Pt-193 ð 1.15E-07 7.77E-08 4.75E-08 

Pu-236 ð 3.22E-04 1.48E-01 5.47E-07 

Pu-237 ð 3.70E-07 1.44E-06 2.05E-04 

Pu-238 ð 8.51E-04 4.07E-01 4.09E-07 

Pu-239 ð 9.25E-04 4.44E-01 4.06E-07 

Pu-240 ð 9.25E-04 4.44E-01 3.99E-07 

Pu-241+D (U-237 0.0000245) 1.78E-05 8.51E-03 2.25E-08 

Pu-242 ð 8.88E-04 4.07E-01 3.39E-07 

Pu-244+D (U-240 0.9988), (Np-240m 0.9988) 8.92E-04 4.07E-01 1.94E-03 

Ra-226+D 

Rn-222,Po-218, (Pb-214 9.9980E-01), 

Bi-214, (Po-214 9.9980E-01), (Tl-210 

2.0000E-04), (At-218 2.0000E-04) 

1.04E-03 3.53E-02 9.77E-03 

Ra-228+D Ac-228 2.55E-03 5.93E-02 5.24E-03 

Rb-83+D (Kr-83m 0.76199) 7.03E-06 2.55E-06 2.58E-03 

Rb-84 ð 1.04E-05 3.70E-06 4.88E-03 

Rb-87 ð 5.55E-06 1.85E-06 3.85E-06 

Re-184 ð 3.70E-06 7.03E-06 4.66E-03 

Re-184m ð 5.55E-06 2.40E-05 1.95E-03 

Re-186m+D Re-186 1.37E-05 4.85E-05 1.65E-04 

Re-187 ð 1.89E-08 2.33E-08 0.00E+00 

Rh-101 ð 2.04E-06 2.00E-05 1.27E-03 

Rh-102 ð 9.62E-06 6.29E-05 1.13E-02 

Rh-102m ð 4.44E-06 2.63E-05 2.51E-03 

Ru-103+D (Rh-103m 0.997) 2.71E-06 1.11E-05 2.43E-03 

Ru-106+D Rh-106 2.59E-05 2.44E-04 1.24E-03 

S-35 ð 2.85E-06 7.03E-06 3.63E-07 

Sb-124 ð 9.25E-06 3.18E-05 1.01E-02 

Sb-125 ð 4.07E-06 4.44E-05 2.18E-03 

Sc-46 ð 5.55E-06 2.52E-05 1.09E-02 

Se-75 ð 9.62E-06 4.81E-06 1.96E-03 

Se-79 ð 1.07E-05 2.52E-05 4.60E-07 

Si-32+D P-32 1.09E-05 4.20E-04 6.36E-05 

Sm-145 ð 7.77E-07 5.92E-06 1.47E-04 

Sm-146 ð 2.00E-04 4.07E-02 0.00E+00 

Sm-147 ð 1.81E-04 3.55E-02 0.00E+00 

Sm-151 ð 3.63E-07 1.48E-05 2.87E-09 

Sn-113+D In-113m 2.80E-06 1.01E-05 1.34E-03 

Sn-119m  ð 1.26E-06 8.14E-06 8.22E-06 

Sn-121m+D (Sn-121 0.776) 2.07E-06 1.73E-05 9.65E-06 

Sn-123  ð 7.77E-06 3.00E-05 8.15E-05 

Sn-126+D Sb-126m, (Sb-126 0.14) 1.88E-05 1.05E-04 1.05E-02 

Sr-85 ð 2.07E-06 3.00E-06 2.61E-03 

Sr-89 ð 9.62E-06 2.92E-05 5.10E-05 

Sr-90+D Y-90 1.14E-04 5.98E-04 1.04E-04 

Ta-179 ð 2.40E-07 2.07E-06 1.05E-04 

Ta-180 ð 3.11E-06 9.62E-05 2.74E-03 

Ta-182 ð 5.55E-06 3.70E-05 6.99E-03 

Tb-157 ð 1.26E-07 4.44E-06 6.24E-06 
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Table A-5  (Cont.)  

Radionuclidea Associated Progeny Radionuclidesb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air 

Submersion 

(mrem/yr per 

pCi/m3) 

Tb-158 ð 4.07E-06 1.70E-04 4.18E-03 

Tb-160 ð 5.92E-06 2.59E-05 6.06E-03 

Tc-95m+D (Tc-95 0.04) 2.10E-06 4.46E-06 3.66E-03 

Tc-97 ð 2.52E-07 6.66E-06 2.64E-06 

Tc-97m ð 2.04E-06 1.52E-05 4.34E-06 

Tc-98 ð 7.40E-06 1.67E-04 7.48E-03 

Tc-99 ð 2.37E-06 4.81E-05 3.35E-06 

Te-121m+D (Te-121 0.886) 9.92E-06 2.28E-05 3.64E-03 

Te-123 ð 1.63E-05 4.44E-05 1.76E-05 

Te-123m ð 5.18E-06 1.89E-05 6.78E-04 

Te-125m ð 3.22E-06 1.55E-05 3.91E-05 

Te-127m+D (Te-127 0.976) 9.12E-06 3.68E-05 5.11E-05 

Te-129m+D (Te-129 0.65) 1.13E-05 2.93E-05 3.99E-04 

Th-228+D 
Ra-224, Rn-220, Po-216, Pb-212, Bi-212, 

(Po-212 0.6407), (Tl-208 0.3593) 
5.30E-04 1.61E-01 8.92E-03 

Th-229+D 
Ra-225, Ac-225, Fr-221, At-217, Bi-213, 

(Po-213 0.9784), (Tl-209 0.0216), Pb-209 
2.27E-03 9.48E-01 1.63E-03 

Th-230 ð 7.77E-04 3.70E-01 1.73E-06 

Th-232 ð 8.51E-04 4.07E-01 8.45E-07 

Ti-44+D Sc-44 2.28E-05 4.45E-04 1.21E-02 

Tl-204 ð 4.44E-06 1.44E-06 2.00E-05 

Tm-170 ð 4.81E-06 2.59E-05 4.28E-05 

Tm-171 ð 4.07E-07 5.18E-06 2.07E-06 

U-232 ð 1.22E-03 1.37E-01 1.37E-06 

U-233 ð 1.89E-04 3.55E-02 1.66E-06 

U-234 ð 1.81E-04 3.48E-02 7.13E-07 

U-235+D Th-231 1.75E-04 3.14E-02 8.08E-04 

U-236 ð 1.74E-04 3.22E-02 4.51E-07 

U-238+D Th-234, (Pa-234m 0.998), (Pa-234 0.0033) 1.79E-04 2.96E-02 2.09E-04 

V-49 ð 6.66E-08 1.26E-07 0.00E+00 

W-181 ð 2.81E-07 9.99E-08 1.35E-04 

W-185 ð 1.63E-06 4.44E-07 5.80E-06 

W-188+D Re-188 1.30E-05 4.11E-06 3.78E-04 

Xe-127 ð 0.00E+00 0.00E+00 1.31E-03 

Y-88 ð 4.81E-06 1.63E-05 1.52E-02 

Y-91 ð 8.88E-06 3.29E-05 7.26E-05 

Yb-169 ð 2.63E-06 1.11E-05 1.32E-03 

Zn-65 ð 1.44E-05 8.14E-06 3.18E-03 

Zr-88 ð 1.67E-06 1.33E-05 2.02E-03 

Zr-93 ð 4.07E-06 9.25E-05 0.00E+00 

Zr-95+D (Nb-95m 0.007) 3.53E-06 2.19E-05 3.92E-03 

a Dose conversion factors for entries labeled with ñ+Dò are aggregated dose conversion factors of the principal 

radionuclide together with the associated decay progenies. 

b The associated decay progenies are listed. If a branching fraction is anything other than 1, it is listed along 

with the radionuclide in the bracket. 

c Dash indicates there is no associated radionuclide. 
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A.2.3  ICRP-60 Based Dose Coefficient Libraries Developed with ICRP-107 Radionuclide 

Transformation Database 

Dose Coefficient File Package (DCFPAK) 3.02 contains direct external exposure, air 

submersion, inhalation, and ingestion dose coefficients that were developed with the ICRP-107 

radionuclide transformation database and the ICRP-60 dose estimation methodology (see 

Section A.3). Dose coefficients for six age groups (infant, 1, 5, 10, 15, and adult) and for a 

reference person are available in separate base libraries. For a radionuclide that has multiple dose 

coefficients in a base library, the largest one is set as the default for use in dose calculations, 

unless the user chooses a different value and saves it to a user-created library for use by the code. 

Table A-6 lists the default ingestion, inhalation, and air submersion dose coefficients for 

adult members of the general public that are used in the RESRAD-BUILD code for calculating 

the radiation dose associated with the exposure to each principal radionuclide with cut-off half-

life of at least 30 days. The listed values include the contributions from associated progenies, if 

applicable; in that case, the listed values are different from the default values stored in the 

DCFPAK3.02 base library that can be displayed and viewed with the DCF Editor. The direct 

external exposure dose coefficients are provided in Appendix C. 

Table A-6  Default Ingestion, Inhalation, and Air Submersion Dose Coefficients for at least 

30 Day Half-life Radionuclides from DCFPAK3.02 in RESRAD-BUILD Code 

Principal 

Radionuclidea Associated Decay Chainb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per 

pCi/m3) 

Ac-227+D 

(Th-227 9.8620E-01), (Ra-223 

1.0000E+00), (Rn-219 1.0000E+00), 

Po-215, Pb-211, Bi-211, (Tl-207 

9.9724E-01), (Po-211 2.7600E-03), 

(Fr-223 1.3800E-02), (At-219 

8.2800E-07), (Bi-215 8.2800E-07) 

1.61E-03 6.46E-01 2.25E-03 

Ag-105 ðc 1.71E-06 3.02E-06 2.58E-03 

Ag-108m+D (Ag-108 8.7000E-02) 8.70E-06 1.42E-04 8.45E-03 

Ag-110m+D (Ag-110 1.3600E-02) 1.04E-05 4.62E-05 1.49E-02 

Al -26 ð 1.29E-05 4.03E-04 1.49E-02 

Am-241 ð 7.55E-04 3.57E-01 7.85E-05 

Am-242m+D (Am-242 0.9955) (Np-238 0.0045) 7.04E-04 3.39E-01 8.76E-05 

Am-243+D Np-239 7.54E-04 3.54E-01 1.08E-03 

Ar-37 ð 0.00E+00 0.00E+00 0.00E+00 

Ar-39 ð 0.00E+00 0.00E+00 1.34E-05 

Ar-42 K-42 1.62E-06 1.32E-06 1.75E-03 

As-73 ð 9.58E-07 5.03E-06 1.80E-05 

Au-195 ð 9.80E-07 6.62E-06 3.15E-04 

Ba-133 ð 5.70E-06 3.85E-05 1.89E-03 

Be-10 ð 4.22E-06 1.28E-04 1.62E-05 

Be-7 ð 1.04E-07 2.06E-07 2.58E-04 

Bi-207 ð 4.74E-06 1.43E-04 8.21E-03 

Bi-208 ð 4.29E-06 1.36E-04 1.58E-02 

Bi-210m+D Tl-206 5.55E-05 3.66E-02 1.38E-03 

Bk-247 ð 1.29E-03 6.17E-01 6.99E-04 

Bk-249+D (Am-245 1.45E-05) 3.67E-06 1.55E-03 5.35E-08 
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Table A-6  (Cont.) 
   

Principal 

Radionuclidea Associated Decay Chainb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per 

pCi/m3) 

C-14 ð 2.15E-06 2.12E-05 3.04E-07 

Ca-41 ð 8.40E-07 7.86E-07 0.00E+00 

Ca-45 ð 2.62E-06 1.35E-05 1.77E-06 

Cd-109 ð 7.40E-06 3.01E-05 2.65E-05 

Cd-113 ð 9.06E-05 4.40E-04 2.91E-06 

Cd-113m ð 8.66E-05 4.14E-04 1.08E-05 

Cd-115m+D (In-115m 1.06E-04) 1.22E-05 2.83E-05 2.32E-04 

Ce-139 ð 9.77E-07 7.15E-06 6.98E-04 

Ce-141 ð 2.64E-06 1.39E-05 3.65E-04 

Ce-144+D 
(Pr-144 9.9999E-01), (Pr-144m 

9.7699E--03) 
1.95E-05 1.95E-04 3.79E-04 

Cf-248 ð 1.05E-04 4.18E-02 2.34E-06 

Cf-249 ð 1.30E-03 6.20E-01 1.67E-03 

Cf-250 ð 5.96E-04 2.79E-01 5.63E-05 

Cf-251 ð 1.32E-03 6.32E-01 5.65E-04 

Cf-252 ð 3.35E-04 1.36E-01 2.60E-03 

Cf-254 ð 1.49E-03 1.60E-01 9.62E-02 

Cl-36 ð 3.43E-06 1.40E-04 1.94E-05 

Cm-241 ð 3.42E-06 1.38E-04 2.47E-03 

Cm-242 ð 4.33E-05 2.19E-02 4.55E-07 

Cm-243 ð 5.55E-04 2.59E-01 6.22E-04 

Cm-244 ð 4.55E-04 2.11E-01 4.67E-07 

Cm-245 ð 7.70E-04 3.64E-01 4.67E-04 

Cm-246 ð 7.66E-04 3.63E-01 2.09E-05 

Cm-247+D Pu-243 7.07E-04 3.33E-01 1.72E-03 

Cm-248 ð 2.87E-03 1.34E+00 7.48E-03 

Cm-250+D 
(Pu-246 0.18), (Am-246m 0.18), 

(Bk-250 0.08) 
1.96E-02 9.11E+00 7.76E-02 

Co-56 ð 9.36E-06 2.46E-05 2.05E-02 

Co-57 ð 7.81E-07 3.71E-06 5.82E-04 

Co-58 ð 2.77E-06 7.80E-06 5.18E-03 

Co-60 ð 1.26E-05 1.14E-04 1.39E-02 

Cs-134 ð 7.14E-05 7.56E-05 8.26E-03 

Cs-135 ð 9.81E-06 4.33E-05 2.53E-06 

Cs-137+D (Ba-137m 9.4399E-01) 5.03E-05 1.46E-04 2.98E-03 

Dy-154 ð 2.06E-04 9.55E-02 0.00E+00 

Dy-159 ð 3.92E-07 1.69E-06 1.17E-04 

Es-254+D 
(Fm-254 1.7390E-06), (Bk-250 

1.0000E+00) 
1.05E-04 3.79E-02 4.90E-03 

Es-255+D (Fm-255 0.92), (Bk-251 0.08 ) 3.07E-05 1.79E-02 4.92E-05 

Eu-148 ð 4.81E-06 1.34E-05 1.18E-02 

Eu-149 ð 5.96E-07 1.97E-06 2.37E-04 

Eu-150 ð 4.63E-06 4.75E-04 8.08E-03 

Eu-152 ð 4.96E-06 3.45E-04 6.28E-03 

Eu-154 ð 7.29E-06 3.95E-04 6.75E-03 

Eu-155 ð 1.23E-06 4.60E-05 2.53E-04 

Fe-55 ð 1.23E-06 2.89E-06 7.81E-13 

Fe-59 ð 6.62E-06 1.49E-05 6.56E-03 
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Table A-6  (Cont.) 
   

Principal 

Radionuclidea Associated Decay Chainb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per 

pCi/m3) 

Fe-60+D Co-60m 4.29E-04 1.07E-03 2.35E-05 

Fm-257+D 
(Cf-253 0.9979), (Es-253 0.9948), 

(Cm-249 0.0031) 
8.81E-05 4.86E-02 7.09E-04 

Gd-146+D Eu-146 8.01E-06 2.91E-05 1.40E-02 

Gd-148 ð 2.02E-04 9.34E-02 0.00E+00 

Gd-150 ð 1.94E-04 8.96E-02 0.00E+00 

Gd-151 ð 8.40E-07 4.34E-06 2.51E-04 

Gd-152 ð 1.52E-04 7.04E-02 0.00E+00 

Gd-153 ð 1.03E-06 8.86E-06 3.63E-04 

Ge-68+D Ga-68 5.11E-06 1.14E-04 5.01E-03 

H-3 ð 1.55E-07 9.69E-07 0.00E+00 

Hf-172+D Lu-172m Lu-172 8.84E-06 1.29E-04 1.08E-02 

Hf-174 ð 9.44E-04 1.13E-01 0.00E+00 

Hf-175 ð 1.49E-06 5.16E-06 1.72E-03 

Hf-178m ð 1.47E-05 8.20E-04 1.14E-02 

Hf-181 ð 4.11E-06 2.20E-05 2.71E-03 

Hf-182 ð 1.05E-05 1.09E-03 1.21E-03 

Hg-194+D Au-194 1.91E-04 1.51E-04 5.62E-03 

Hg-203 ð 7.07E-06 2.60E-05 1.21E-03 

Ho-163 ð 1.07E-08 9.80E-07 0.00E+00 

Ho-166m ð 7.29E-06 1.04E-03 8.51E-03 

I-125 ð 5.74E-05 5.19E-05 4.41E-05 

I-129 ð 4.00E-04 3.63E-04 3.34E-05 

In-114m+D (In-114 0.9675 ) 1.53E-05 5.01E-05 4.63E-04 

In-115 ð 1.21E-04 1.45E-03 7.71E-06 

Ir-192 ð 5.07E-06 2.45E-05 4.22E-03 

Ir-192n ð 3.39E-06 2.15E-04 7.77E-06 

Ir-194m ð 7.62E-06 4.45E-05 1.21E-02 

K-40 ð 2.28E-05 3.13E-04 9.27E-04 

Kr-81 ð 0.00E+00 0.00E+00 4.46E-06 

Kr-85 ð 0.00E+00 0.00E+00 2.81E-05 

La-137 ð 3.11E-07 3.31E-05 3.59E-05 

La-138 ð 4.03E-06 5.76E-04 6.80E-03 

Lu-173 ð 1.35E-06 1.69E-05 7.55E-04 

Lu-174 ð 1.05E-06 2.67E-05 5.21E-04 

Lu-174m ð 2.02E-06 1.63E-05 2.08E-04 

Lu-176 ð 6.70E-06 5.63E-04 2.42E-03 

Lu-177m+D (Lu-177 2.1700E-01) 6.75E-06 6.03E-05 4.98E-03 

Mn-53 ð 1.10E-07 1.25E-06 0.00E+00 

Mn-54 ð 2.67E-06 1.21E-05 4.47E-03 

Mo-93 ð 1.07E-05 8.24E-06 1.98E-06 

Na-22 ð 1.17E-05 1.07E-04 1.19E-02 

Nb-91 ð 1.62E-07 6.80E-06 9.87E-06 

Nb-91m ð 1.52E-06 1.55E-05 1.40E-04 

Nb-92 ð 3.77E-06 1.00E-04 7.97E-03 

Nb-93m ð 4.77E-07 7.05E-06 3.55E-07 

Nb-94 ð 6.40E-06 1.80E-04 8.33E-03 

Nb-95 ð 2.17E-06 6.46E-06 4.08E-03 



 

A-33 

Table A-6  (Cont.) 
   

Principal 

Radionuclidea Associated Decay Chainb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per 

pCi/m3) 

Nd-144 ð 1.51E-04 7.04E-02 0.00E+00 

Ni-59 ð 2.31E-07 3.03E-06 8.08E-08 

Ni-63 ð 5.74E-07 7.39E-06 0.00E+00 

Np-235+D (U-235m 3.9934E-03) 2.09E-07 2.69E-06 3.32E-06 

Np-236+D (Pa-232 1.6E-3) 9.18E-05 4.25E-02 6.58E-04 

Np-237+D Pa-233 3.99E-04 1.84E-01 1.18E-03 

Os-185 ð 1.86E-06 5.75E-06 3.57E-03 

Os-186 ð 1.18E-04 1.54E-02 0.00E+00 

Os-194+D Ir-194 1.41E-05 3.18E-04 5.63E-04 

Pa-231 ð 1.77E-03 8.50E-01 1.69E-04 

Pb-202+D (Tl-202 9.9000E-01) 5.94E-05 1.84E-04 2.30E-03 

Pb-205  ð 1.00E-06 3.05E-06 5.74E-08 

Pb-210+D 
Bi-210, (Hg-206 1.9E-08), (Tl-206 

1.339E-06) 
2.58E-03 2.13E-02 3.56E-05 

Pd-107 ð 1.42E-07 2.25E-06 0.00E+00 

Pm-143 ð 8.70E-07 1.07E-05 1.58E-03 

Pm-144 ð 3.65E-06 6.33E-05 8.12E-03 

Pm-145 ð 4.11E-07 2.97E-05 6.42E-05 

Pm-146 ð 3.31E-06 1.63E-04 3.89E-03 

Pm-147 ð 9.66E-07 2.58E-05 1.01E-06 

Pm-148m+D (Pm-148 4.2000E-02) 6.93E-06 2.14E-05 1.06E-02 

Po-208 ð 5.62E-03 2.50E-02 1.09E-07 

Po-209 ð 5.59E-03 3.49E-02 3.22E-05 

Po-210 ð 4.48E-03 1.58E-02 5.20E-08 

Pt-190 ð 2.57E-05 1.91E-02 0.00E+00 

Pt-193 ð 1.32E-07 2.47E-06 3.30E-08 

Pu-236 ð 3.29E-04 1.51E-01 5.06E-07 

Pu-237 ð 4.14E-07 1.43E-06 2.09E-04 

Pu-238 ð 8.44E-04 4.00E-01 3.92E-07 

Pu-239+D (U-235m 9.9940E-01) 9.29E-04 4.41E-01 4.40E-07 

Pu-240 ð 9.29E-04 4.41E-01 3.84E-07 

Pu-241+D (U-237 2.45E-05) 1.75E-05 8.45E-03 2.23E-08 

Pu-242 ð 8.84E-04 4.19E-01 7.51E-07 

Pu-244+D U-240, Np-240m, (Np-240 1.1000E-03) 8.85E-04 4.13E-01 1.88E-03 

Ra-226+D 

Rn-222, Po-218, (Pb-214 9.9980E-01), 

(Bi-214 1.0E+00), (Po-214 9.9979E-01), 

(Tl-210 2.1E-04), (At-218 2.0E-04), 

(Rn-218 2.0E-07) 

1.04E-03 3.53E-02 9.64E-03 

Ra-228+D Ac-228 2.58E-03 5.94E-02 4.68E-03 

Rb-83+D (Kr-83m 7.4292E-01) 6.55E-06 5.07E-06 2.52E-03 

Rb-84 ð 1.04E-05 1.06E-05 4.82E-03 

Rb-87 ð 5.66E-06 5.82E-05 4.17E-06 

Re-183 ð 3.57E-06 1.32E-05 6.46E-04 

Re-184 ð 3.74E-06 8.58E-06 4.66E-03 

Re-184m ð 5.48E-06 3.76E-05 1.92E-03 

Re-186m+D Re-186 1.35E-05 2.29E-04 1.66E-04 

Re-187 ð 1.77E-08 1.45E-07 0.00E+00 

Rh-101 ð 2.04E-06 1.89E-05 1.37E-03 

Rh-102 ð 4.40E-06 2.69E-05 2.61E-03 
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Table A-6  (Cont.) 
   

Principal 

Radionuclidea Associated Decay Chainb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per 

pCi/m3) 

Rh-102m ð 1.02E-05 7.32E-05 1.14E-02 

Ru-103+D (Rh-103m 0.988 ) 2.66E-06 1.06E-05 2.58E-03 

Ru-106+D Rh-106 2.60E-05 2.46E-04 1.25E-03 

S-35 ð 2.86E-06 6.87E-06 3.58E-07 

Sb-124 ð 9.43E-06 3.17E-05 1.03E-02 

Sb-125 ð 4.26E-06 4.43E-05 2.22E-03 

Sc-46 ð 5.44E-06 2.50E-05 1.09E-02 

Se-75 ð 9.55E-06 4.86E-06 1.94E-03 

Se-79 ð 1.01E-05 2.33E-05 3.56E-07 

Si-32+D P-32 1.10E-05 4.27E-04 6.38E-05 

Sm-145 ð 7.84E-07 1.06E-05 1.44E-04 

Sm-146 ð 2.00E-04 9.35E-02 0.00E+00 

Sm-147 ð 1.83E-04 8.54E-02 0.00E+00 

Sm-148 ð 1.58E-04 7.34E-02 0.00E+00 

Sm-151 ð 3.66E-07 3.43E-05 3.09E-09 

Sn-113+D In-113m  2.88E-06 1.49E-05 1.36E-03 

Sn-119m  ð 1.31E-06 1.26E-05 1.08E-05 

Sn-121m+D (Sn-121 7.7600E-01) 2.09E-06 5.60E-05 9.81E-06 

Sn-123  ð 7.81E-06 4.78E-05 8.18E-05 

Sn-126+D Sb-126m, (Sb-126 1.4000E-01) 1.93E-05 5.89E-04 1.04E-02 

Sr-85 ð 2.04E-06 2.98E-06 2.56E-03 

Sr-89 ð 9.51E-06 2.95E-05 5.13E-05 

Sr-90+D Y-90 1.12E-04 5.84E-04 1.04E-04 

Ta-179 ð 2.22E-07 1.81E-06 8.13E-05 

Ta-182 ð 5.62E-06 3.82E-05 6.98E-03 

Tb-157 ð 1.44E-07 1.19E-05 1.15E-05 

Tb-158 ð 4.14E-06 3.90E-04 4.22E-03 

Tb-160 ð 5.99E-06 3.08E-05 6.07E-03 

Tc-95m+D (Tc-95 3.8800E-02) 2.13E-06 4.49E-06 3.74E-03 

Tc-97 ð 2.52E-07 6.60E-06 2.58E-06 

Tc-97m ð 2.03E-06 1.54E-05 4.30E-06 

Tc-98 ð 6.88E-06 1.57E-04 7.48E-03 

Tc-99 ð 2.37E-06 4.94E-05 3.36E-06 

Te-121m+D (Te-121 8.8600E-01) 1.02E-05 2.32E-05 3.65E-03 

Te-123 ð 5.03E-06 1.39E-05 3.07E-08 

Te-123m ð 5.07E-06 1.87E-05 6.78E-04 

Te-125m ð 3.22E-06 1.53E-05 3.92E-05 

Te-127m+D (Te-127 9.7600E-01) 9.31E-06 3.68E-05 5.13E-05 

Te-129m+D (Te-129 6.3000E-01) 1.12E-05 2.92E-05 4.03E-04 

Th-228+D 

Ra-224, Rn-220, Po-216, Pb-212, 

Bi-212, (Po-212 6.4060E-01), (Tl-208 

3.5940E-01) 

5.29E-04 1.60E-01 8.43E-03 

Th-229+D 

Ra-225, Ac-225, Fr-221, At-217, Bi-213, 

(Po-213 9.7910E-01), Pb-209, (Tl-209 

2.0900E-02) 

2.36E-03 9.43E-01 1.58E-03 

Th-230 ð 7.92E-04 3.76E-01 1.77E-06 

Th-232 ð 8.55E-04 4.07E-01 9.22E-07 

Ti-44+D Sc-44 2.28E-05 4.69E-04 1.21E-02 

Tl-204 ð 4.40E-06 7.01E-05 2.04E-05 
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Table A-6  (Cont.) 
   

Principal 

Radionuclidea Associated Decay Chainb 

Ingestion 

(mrem/pCi) 

Inhalation 

(mrem/pCi) 

Air Submersion 

(mrem/yr per 

pCi/m3) 

Tm-168 ð 3.85E-06 1.88E-05 6.43E-03 

Tm-170 ð 4.85E-06 3.38E-05 3.80E-05 

Tm-171 ð 3.92E-07 7.86E-06 1.98E-06 

U-232 ð 1.24E-03 1.37E-01 1.26E-06 

U-233 ð 1.89E-04 3.55E-02 1.24E-06 

U-234 ð 1.83E-04 3.48E-02 7.17E-07 

U-235+D Th-231 1.74E-04 3.13E-02 8.56E-04 

U-236 ð 1.72E-04 3.21E-02 4.41E-07 

U-238+D Th-234, Pa-234m, (Pa-234 1.6000E-03) 1.77E-04 2.98E-02 2.16E-04 

V-49 ð 6.81E-08 2.52E-07 0.00E+00 

V-50 ð 1.26E-05 2.40E-04 8.02E-03 

W-181 ð 3.20E-07 1.06E-06 1.34E-04 

W-185 ð 1.64E-06 1.43E-05 5.79E-06 

W-188+D Re-188 1.28E-05 5.97E-05 3.97E-04 

Xe-127 ð 0.00E+00 0.00E+00 1.32E-03 

Y-88 ð 4.81E-06 2.27E-05 1.52E-02 

Y-91 ð 8.77E-06 3.31E-05 7.02E-05 

Yb-169 ð 3.03E-06 1.26E-05 1.39E-03 

Zn-65 ð 1.45E-05 8.29E-06 3.18E-03 

Zr-88 ð 1.63E-06 1.34E-05 1.97E-03 

Zr-93 ð 3.96E-06 8.91E-05 7.53E-11 

a Dose conversion factors for entries labeled with ñ+Dò are aggregated dose conversion factors of the principal 

radionuclide together with the associated decay progenies. 

b The associated decay progenies are listed. If a branching fraction is anything other than 1, it is listed along 

with the radionuclide in the bracket. 

c Dash indicates there is no associated radionuclide. 

A.3  DOSE ESTIMATION METHODOLOGY  

The absorbed dose is a fundamental dosimetric quantity in radiological protection. It is a 
measure of the energy deposited per unit mass of a medium. To estimate the total dose, radiation 
doses from external and internal exposures are estimated separately and later added. For an 
external or internal exposure, the absorbed doses of different organs/tissues are estimated first. 
Because the same absorbed dose from different types of radiation of different energy have 
different biological effects, the absorbed dose is multiplied by the quality factor (the radiation 
weighting factor) to obtain the dose equivalent (equivalent dose) of each organ/tissue. The dose 
equivalent (equivalent dose) of each organ/tissue is multiplied by the organ/tissue weighting 
factor, and the weighted dose equivalents (equivalent doses) of different organs/tissue are added 
to obtain the effective dose equivalent (effective dose) for the whole body. For an internal 
exposure, the dose equivalent (equivalent dose) or effective dose equivalent (effective dose) is 
integrated over a period of time after the exposure to account for the retention of radionuclides in 
the body and the radiation continuously emitted by the radionuclides. The integrated dose 
equivalent (equivalent dose) and the effective dose equivalent (effective dose) are called the 
committed dose equivalent (committed equivalent dose) and the committed effective dose 
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equivalent (committed effective dose), respectively. Finally, the effective dose equivalent 
(effective equivalent dose) associated with external exposure(s) and the committed effective dose 
equivalent (committed effective dose) associated with internal exposure(s) are added to obtain an 
estimate of the total dose (total effective dose equivalent or total effective dose) a receptor would 
incur. 

Table A-7 and Table A-8 show the organ/tissue weighting factors and quality 

factors/radiation weighting factors used in the ICRP-26 (ICRP 1977) and ICRP-60 methodology. 

Table A-9 shows the different dose terms used in ICRP-26 and ICRP-60. 

Table A-7  Tissue Weighting Factors in ICRP-26 and ICRP-60 

Organ/Tissue 

 
Weighting Factors 

 
ICRP-26 ICRP-60 

   
Gonads 0.25 0.20 
Breast 0.15 0.05 
Colon -a 0.12 
Red Marrow 0.12 0.12 
Lungs 0.12 0.12 
Stomach -a 0.12 
Urinary Bladder -a 0.05 
Liver -a 0.05 
Esophagus -a 0.05 
Thyroid 0.03 0.05 
Bone Surface 0.03 0.01 
Skin -a 0.01 
Remainder 0.30b 0.05c,d 

a Weighting factor not assigned in ICRP-26. 

b The value 0.30 is applied to the average dose among the five 
remaining organs or tissues receiving the highest dose, excluding the 
skin, lens of the eye, and the extremities. 

c The remainder is composed of the following tissues and organs: 
adrenals, brain, small intestine, upper large intestine, kidney, muscle, 
pancreas, spleen, thymus, and uterus. 

d The value 0.05 is applied to the average dose to the remainder tissue 
group. However, if a member of the remainder receives a dose in 
excess of the highest dose in any of the twelve organs for which 
weighting factors are specified, a weighting factor of 0.025 is applied 
to that organ and a weighting factor of 0.025 is applied to the average 
dose in the rest of the remainder. 

Sources: ICRP (1977) and ICRP (1991). 
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Table A-8  Quality Factors in ICRP-26 and Radiation Weighting Factors 

in ICRP-60 

Radiation Type and Energy Range 

ICRP-26 

Quality Factor 

 

ICRP-60 

Radiation 

Weighting Factora 

   

Photons, all energies 1 1 

Electrons and muons, all energiesb 1 1 

Neutrons   

< 10 keV 

10 keV to 100 keV 

> 100 Kev to 2 MeV 

> 2 MeV to 20 MeV 

> 20 MeV 

ïc 5 

ï 10 

ï 20 

ï 10 

ï 5 

Protons, other than recoil protons, energy > 2 MeV 1 5 

Alpha particles, fission fragments, heavy nuclei 20 20 

a All values relate to the radiation incident on the body or, for internal sources, emitted 

from the source. 

b  Excluding Auger electrons emitted from nuclei bound to DNA. 

c  In ICRP-26, the quality factor for neutrons was recommended to be 10 for unknown 

energies, otherwise to be calculated, and a value of 2.3 for thermal neutrons. 

Source: ICRP (1991). 

Table A-9  Dose Terms Used in ICRP-26 and ICRP-60 

Type of Dose 

 

Dose Quantity 

ICRP-26/ICRP-30 

 

ICRP-60 

   

Organ/tissue dose Absorbed dose in tissue or organ, DT Absorbed dose in tissue or organ, DT 

   

Absorbed organ/tissue dose 

adjusted for radiation type 

Dose equivalent in tissue or organ T, 

HT = DT × Q × Na 

Equivalent dose in tissue or organ T, HT = 

×R WR × DT,R (average absorbed dose in 

tissue T from radiation type R) 

   

Committed organ/tissue dose 

(over a period of time 

following intake) 

Committed dose equivalent, HT,50 Committed equivalent dose, HT,50 

   

Whole-body dose Effective dose equivalent (EDE), HE 

= ×T WT × HT 

Effective dose (E), E = ×T WT × HT 

   

Whole-body committed dose 

(internal only) 

Committed effective dose equivalent 

(CEDE) = ×T WT × HT,50 

Committed effective dose (CED), E50 = 

×T WT × HT,50 

   

Total committed whole-body 

dose 

Total effective dose equivalent 

(TEDE) = EDE (ext.) + CEDE (int) 

Total effective dose (TED) = E (ext) + 

CED (int) 

a N is the product of all other modifying factors that might take account of, for example, absorbed dose rate and 

fractionation. 
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A.4  RISK COEFFICIENT LIBRARIES  

There are two base risk coefficient, i.e., slope factor, libraries that were developed with 

each the ICRP-38 and ICRP-107 radionuclide transformation databases and that can be used in 

RESRAD-BUILD for risk calculations. One base library contains risk coefficients for latent 

cancer morbidity, and the other base library contains risk coefficients for latent cancer mortality. 

The risk coefficients in these two base libraries for ICRP-38 were obtained from FGR No. 13 

(EPA 1999) and for ICRP-107 were obtained from DCFPAK3.02. 

The risk coefficients from FGR 13 and DCFPAK 3.02 are for six different modes of 

exposure. They are inhalation of air, ingestion of food, ingestion of tap water, and external 

exposure from submersion in air, from a surface source of soil, and from an infinite volume 

source of soil. Risk coefficients for four of the exposure modes (inhalation, ingestion of soil, 

external exposure from submersion in air, and external exposure from an infinite source of soil) 

are used in RESRAD-BUILD for risk calculations.  

Tables A-10 and A-11 list the default morbidity and mortality risk coefficients for 

ingestion, inhalation, and air submersion pathways used in the RESRAD-BUILD code for 

calculating the cancer risk associated with the exposure to at least 30 day cut-off half-life 

principal radionuclides from FGR 13 and DCFPAK 3.02, respectively. Note that FGR 13 and 

DCFPAK3.02 provide multiple risk coefficients for inhalation of particulate aerosols for classes 

of F, M, and S, which represent fast, medium, and slow absorption to blood, respectively. The 

largest risk coefficient is used as the default. The listed values in Table A-10 and A-11 include 

the contributions from associated progenies, if applicable; in that case, the listed values are 

different from the default values stored in the FGR 13 and DCFPAK 3.02 base libraries that can 

be displayed and viewed with the DCF Editor. Appendixes C, E, and H provide discussions on 

the calculation of cancer risks associated with the external exposure, inhalation, and ingestion 

pathways using the dose coefficients. Appendix C provides the risk coefficients for direct 

external exposure pathway. 

A.5  RISK ESTIMATION METHODOLOGY  

RESRAD-BUILD uses the risk coefficients developed by the U.S. Environmental 

Protection Agency (EPA) with the exposure rate (for the external radiation pathways) and the 

total intake of radionuclide (for internal exposure pathways) to estimate the cancer risk 

associated with radiation exposure. EPA calculates radionuclide risk coefficients using health 

effects data and dose and risk models from a number of national and international scientific 

advisory commissions and organizations. The risk coefficients are calculated for each 

radionuclide individually based on its unique chemical, metabolic, and radioactive properties. 
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Table A-10  FGR 13 Morbidity and Mortality Risk Coefficients for Different Modes of Exposure 

Radionuclidea 

Associated Progeny 

Radionuclidesb 

FGR 13 Morbidity Risk Coefficients FGR 13 Mortality Risk Coefficients 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ac-227+D 

(Th-227 9.8620E-01), 

Ra-223, Rn-219, Po-

215, Pb-211, Bi-211, 

(Tl-207 9.9720E-01), 

(Po-211 2.8000E-03), 

(Fr-223 1.3800E-02) 

6.53E-10 2.13E-07 1.57E-09 4.45E-10 2.02E-07 1.06E-09 

Ag-105 ðc 2.49E-12 3.16E-12 2.11E-09 1.49E-12 2.63E-12 1.44E-09 

Ag-108m+D (Ag-108 8.9000E-02) 1.12E-11 1.04E-10 6.80E-09 7.10E-12 8.95E-11 4.63E-09 

Ag-110m+D (Ag-110 1.3300E-02) 1.37E-11 4.51E-11 1.20E-08 8.51E-12 3.81E-11 8.14E-09 

Al -26 ð 2.49E-11 2.90E-10 1.21E-08 1.42E-11 2.60E-10 8.24E-09 

Am-241 ð 1.34E-10 3.77E-08 5.84E-11 9.47E-11 3.34E-08 3.89E-11 

Am-242m+D 
(Am-242 0.9952), 

(Np-238 0.0048) 
9.03E-11 3.45E-08 6.25E-11 6.81E-11 2.70E-08 4.23E-11 

Am-243+D Np-239 1.42E-10 3.70E-08 7.98E-10 9.82E-11 3.17E-08 5.39E-10 

Ar-37 ð -1d -1d -1d -1d -1d -1d 

Ar-39 ð -1d -1d 1.94E-12 -1d -1d 1.70E-12 

As-73 ð 2.28E-12 5.00E-12 1.33E-11 1.29E-12 4.55E-12 8.84E-12 

Au-195 ð 2.19E-12 6.48E-12 2.42E-10 1.22E-12 5.85E-12 1.62E-10 

Ba-133 ð 9.43E-12 3.25E-11 1.50E-09 6.40E-12 2.86E-11 1.02E-09 

Be-10 ð 1.02E-11 9.40E-11 2.36E-12 5.77E-12 8.81E-11 2.08E-12 

Be-7 ð 1.20E-13 2.13E-13 2.06E-10 7.07E-14 1.70E-13 1.39E-10 

Bi-207 ð 8.14E-12 1.10E-10 6.62E-09 4.63E-12 9.62E-11 4.49E-09 

Bi-210m+D Tl-206 7.77E-11 2.92E-08 1.05E-09 4.48E-11 2.78E-08 7.13E-10 

Bk-247 ð 1.60E-10 4.77E-08 3.83E-10 1.19E-10 3.96E-08 2.59E-10 

Bk-249+D (Am-245 1.45E-5) 1.57E-12 1.16E-10 1.17E-14 9.44E-13 9.55E-11 9.25E-15 

C-14 ð 2.00E-12 1.69E-11 4.27E-14 1.36E-12 1.59E-11 3.77E-14 

Ca-41 ð 4.37E-13 5.07E-13 0.00E+00 3.85E-13 4.70E-13 0.00E+00 

Ca-45 ð 3.37E-12 1.28E-11 2.30E-13 2.32E-12 1.19E-11 2.09E-13 

Cd-109 ð 6.70E-12 2.19E-11 1.86E-11 4.22E-12 2.01E-11 1.18E-11 

Cd-113 ð 2.90E-11 1.12E-10 3.84E-13 2.03E-11 8.07E-11 3.49E-13 

Cd-113m ð 3.64E-11 1.30E-10 1.51E-12 2.49E-11 9.29E-11 1.33E-12 

Cd-115m ð 2.46E-11 2.92E-11 1.08E-10 1.39E-11 2.56E-11 7.46E-11 

Ce-139 ð 1.95E-12 6.88E-12 5.44E-10 1.10E-12 6.18E-12 3.68E-10 

Ce-141 ð 6.77E-12 1.35E-11 2.79E-10 3.77E-12 1.22E-11 1.89E-10 

Ce-144+D 
(Pr-144m 0.0178), 

Pr-144 
5.19E-11 1.80E-10 2.50E-10 2.87E-11 1.66E-10 1.73E-10 

Cf-248 ð 6.22E-11 2.56E-08 2.38E-13 3.81E-11 2.43E-08 1.35E-13 

Cf-249 ð 1.63E-10 4.85E-08 1.35E-09 1.21E-10 4.00E-08 9.19E-10 

Cf-250 ð 1.12E-10 3.68E-08 2.26E-13 7.95E-11 3.49E-08 1.30E-13 

Cf-251 ð 1.70E-10 4.92E-08 4.55E-10 1.26E-10 4.07E-08 3.08E-10 

Cf-252 ð 1.80E-10 2.60E-08 2.78E-13 5.40E-10 7.85E-08 1.65E-13 

Cf-254 ð -1d -1d 7.39E-16 -1d -1d 4.20E-16 

Cl-36 ð 4.44E-12 1.01E-10 3.50E-12 2.93E-12 9.55E-11 2.92E-12 

Cm-241 ð 7.03E-12 1.22E-10 1.96E-09 3.92E-12 1.15E-10 1.33E-09 

Cm-242 ð 5.48E-11 2.01E-08 3.02E-13 3.20E-11 1.91E-08 1.75E-13 

Cm-243 ð 1.23E-10 3.67E-08 4.86E-10 8.51E-11 3.47E-08 3.28E-10 

Cm-244 ð 1.08E-10 3.56E-08 2.51E-13 7.47E-11 3.36E-08 1.42E-13 

Cm-245 ð 1.35E-10 3.81E-08 3.16E-10 9.51E-11 3.26E-08 2.14E-10 

Cm-246 ð 1.31E-10 3.77E-08 2.30E-13 9.29E-11 3.26E-08 1.31E-13 
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Table A-10  (Cont.)  

Radionuclidea 

Associated Progeny 

Radionuclidesb 

FGR 13 Morbidity Risk Coefficients FGR 13 Mortality Risk Coefficients 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Cm-247+D Pu-243 1.31E-10 3.49E-08 1.38E-09 9.07E-11 2.91E-08 9.31E-10 

Cm-248 ð 1.30E-09 1.50E-07 1.74E-13 6.80E-09 8.25E-07 9.90E-14 

Cm-250 

(Pu-246 0.25), 

(Am-246 0.25), 

(Bk-250 0.14) 

6.46E-12 5.00E-12 1.78E-09 3.61E-12 4.20E-12 1.21E-09 

Co-56 ð 1.43E-11 2.56E-11 1.64E-08 8.69E-12 2.12E-11 1.12E-08 

Co-57 ð 1.49E-12 3.74E-12 4.54E-10 8.99E-13 3.23E-12 3.07E-10 

Co-58 ð 4.18E-12 7.96E-12 4.18E-09 2.52E-12 6.70E-12 2.84E-09 

Co-60 ð 2.23E-11 1.01E-10 1.12E-08 1.44E-11 8.58E-11 7.65E-09 

Cs-134 ð 5.14E-11 6.99E-11 6.63E-09 3.54E-11 6.14E-11 4.51E-09 

Cs-135 ð 5.88E-12 2.49E-11 1.44E-13 3.96E-12 2.33E-11 1.31E-13 

Cs-137+D (Ba-137m 0.946) 3.74E-11 1.12E-10 2.39E-09 2.55E-11 1.02E-10 1.63E-09 

Dy-159  ð 7.70E-13 1.67E-12 8.34E-11 4.29E-13 1.46E-12 5.49E-11 

Es-254+D Bk250 7.89E-11 2.59E-08 3.89E-09 4.71E-11 2.46E-08 2.65E-09 

Eu-148 ð 6.03E-12 1.25E-11 9.25E-09 3.51E-12 9.29E-12 6.28E-09 

Eu-149 ð 7.40E-13 1.27E-12 1.75E-10 4.14E-13 1.08E-12 1.18E-10 

Eu-150b ð 6.07E-12 2.64E-10 6.22E-09 3.61E-12 2.06E-10 4.23E-09 

Eu-152 ð 8.69E-12 1.90E-10 4.96E-09 5.00E-12 1.52E-10 3.37E-09 

Eu-154 ð 1.49E-11 2.11E-10 5.41E-09 8.47E-12 1.74E-10 3.68E-09 

Eu-155 ð 2.77E-12 1.91E-11 1.91E-10 1.55E-12 1.73E-11 1.28E-10 

Fe-55 ð 1.16E-12 1.48E-12 0.00E+00 8.84E-13 1.22E-12 0.00E+00 

Fe-59 ð 1.11E-11 1.47E-11 5.30E-09 7.07E-12 1.29E-11 3.61E-09 

Fe-60+D Co-60m 2.39E-10 3.70E-10 1.86E-11 1.83E-10 2.89E-10 1.26E-11 

Fm-257+D 

Cf-253, (Es-253 

9.9690E-01), (Cm-249 

3.1000E-03) 

1.20E-10 4.37E-08 3.80E-10 6.85E-11 4.15E-08 2.57E-10 

Gd-146 Eu-146 1.37E-11 2.92E-11 1.16E-08 7.77E-12 2.52E-11 7.87E-09 

Gd-148 ð 5.51E-11 1.53E-08 0.00E+00 4.00E-11 1.45E-08 0.00E+00 

Gd-151 ð 1.65E-12 3.69E-12 1.67E-10 9.21E-13 3.29E-12 1.12E-10 

Gd-152 ð 3.85E-11 9.10E-09 0.00E+00 2.83E-11 8.14E-09 0.00E+00 

Gd-153 ð 2.22E-12 8.58E-12 2.73E-10 1.24E-12 7.73E-12 1.83E-10 

Ge-68+D Ga-68 1.03E-11 1.08E-10 3.99E-09 5.86E-12 1.00E-10 2.71E-09 

H-3  ð 1.44E-13 8.51E-13 0.00E+00 9.84E-14 7.84E-13 0.00E+00 

Hf-172+D Lu-172 1.52E-11 9.04E-11 8.43E-09 8.66E-12 7.90E-11 5.72E-09 

Hf-175 ð 2.83E-12 5.37E-12 1.43E-09 1.59E-12 4.63E-12 9.66E-10 

Hf-178m ð 2.13E-11 3.70E-10 9.58E-09 1.29E-11 3.00E-10 6.49E-09 

Hf-181 ð 9.25E-12 2.13E-11 2.25E-09 5.18E-12 1.92E-11 1.53E-09 

Hf-182 ð 7.25E-12 3.41E-10 9.60E-10 4.96E-12 2.86E-10 6.50E-10 

Hg-194+D Au-194 1.08E-10 7.63E-11 4.66E-09 7.47E-11 6.35E-11 3.16E-09 

Hg-203 ð 7.62E-12 2.45E-11 9.60E-10 5.07E-12 2.20E-11 6.50E-10 

Ho-166m ð 1.14E-11 7.62E-10 7.36E-09 6.81E-12 5.77E-10 5.00E-09 

I-125 ð 6.29E-11 2.77E-11 2.81E-11 6.51E-12 2.87E-12 1.73E-11 

I-129 ð 3.22E-10 1.60E-10 2.16E-11 3.28E-11 2.21E-11 1.37E-11 

In-114m+D (In-114 0.957) 3.60E-11 3.27E-11 3.71E-10 2.05E-11 2.80E-11 2.51E-10 

In-115 ð 4.33E-11 4.03E-10 1.05E-12 3.68E-11 3.64E-10 9.42E-13 

Ir-192 ð 1.07E-11 2.41E-11 3.36E-09 5.99E-12 2.15E-11 2.29E-09 

Ir-192m ð 1.32E-12 1.02E-10 6.29E-10 8.66E-13 9.21E-11 4.26E-10 

Ir-194m ð 1.26E-11 4.59E-11 9.74E-09 7.29E-12 4.00E-11 6.62E-09 

K-40 ð 3.43E-11 2.22E-10 7.24E-10 2.18E-11 2.08E-10 4.94E-10 
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Table A-10  (Cont.)  

Radionuclidea 

Associated Progeny 

Radionuclidesb 

FGR 13 Morbidity Risk Coefficients FGR 13 Mortality Risk Coefficients 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Kr-81 ð -1d -1d 2.26E-11 -1d -1d 1.54E-11 

Kr-85 ð -1d -1d 1.17E-11 -1d -1d 8.44E-12 

La-137 ð 5.00E-13 1.39E-11 2.35E-11 2.88E-13 1.15E-11 1.48E-11 

La-138 ð 4.96E-12 3.05E-10 5.52E-09 2.98E-12 2.35E-10 3.76E-09 

Lu-173 ð 1.96E-12 8.69E-12 3.97E-10 1.10E-12 7.73E-12 2.67E-10 

Lu-174 ð 2.12E-12 1.42E-11 4.57E-10 1.19E-12 1.28E-11 3.08E-10 

Lu-174m ð 4.96E-12 1.51E-11 1.62E-10 2.75E-12 1.38E-11 1.09E-10 

Lu-176 ð 1.35E-11 1.75E-10 1.95E-09 7.62E-12 1.52E-10 1.32E-09 

Lu-177m+D (Lu-177 0.21) 1.47E-11 5.80E-11 3.94E-09 8.19E-12 5.26E-11 2.67E-09 

Md-258   6.25E-11 2.16E-08 3.14E-12 3.59E-11 2.05E-08 1.99E-12 

Mn-53 ð 2.25E-13 9.69E-13 0.00E+00 1.30E-13 8.99E-13 0.00E+00 

Mn-54 ð 3.11E-12 1.21E-11 3.60E-09 1.96E-12 9.88E-12 2.45E-09 

Mo-93 ð 4.18E-12 5.74E-12 1.27E-12 3.74E-12 5.37E-12 7.08E-13 

Na-22 ð 1.26E-11 9.73E-11 9.56E-09 8.66E-12 8.55E-11 6.50E-09 

Nb-93m ð 1.17E-12 5.66E-12 2.24E-13 6.55E-13 5.25E-12 1.25E-13 

Nb-94 ð 1.11E-11 1.35E-10 6.76E-09 6.40E-12 1.18E-10 4.60E-09 

Nb-95 ð 3.50E-12 6.44E-12 3.28E-09 2.00E-12 5.55E-12 2.23E-09 

Ni-59 ð 3.89E-13 2.41E-12 0.00E+00 2.32E-13 1.69E-12 0.00E+00 

Ni-63 ð 9.51E-13 5.77E-12 0.00E+00 5.66E-13 4.03E-12 0.00E+00 

Np-235 ð 5.07E-13 1.94E-12 3.61E-12 2.81E-13 1.79E-12 2.35E-12 

Np-236a ð 1.44E-11 2.34E-09 4.29E-10 8.95E-12 1.71E-09 2.90E-10 

Np-237+D Pa-233 9.10E-11 2.87E-08 8.68E-10 5.78E-11 2.71E-08 5.88E-10 

Os-185  ð 2.70E-12 6.14E-12 2.98E-09 1.58E-12 5.11E-12 2.02E-09 

Os-194+D Ir-194 3.49E-11 2.58E-10 4.01E-10 1.95E-11 2.41E-10 2.74E-10 

Pa-231  ð 2.26E-10 7.62E-08 1.45E-10 1.59E-10 5.62E-08 9.82E-11 

Pb-202+D Tl-202 3.13E-11 3.43E-11 1.87E-09 2.31E-11 2.96E-11 1.26E-09 

Pb-205  ð 8.25E-13 2.36E-12 3.47E-14 6.40E-13 2.21E-12 2.07E-14 

Pb-210+D Bi-210 1.19E-09 1.63E-08 9.04E-12 8.62E-10 1.54E-08 6.89E-12 

Pd-107 ð 3.67E-13 1.69E-12 0.00E+00 2.03E-13 1.56E-12 0.00E+00 

Pm-143 ð 1.24E-12 9.06E-12 1.26E-09 7.14E-13 6.88E-12 8.56E-10 

Pm-144 ð 4.66E-12 5.51E-11 6.52E-09 2.74E-12 4.18E-11 4.42E-09 

Pm-145 ð 8.07E-13 1.28E-11 4.51E-11 4.59E-13 1.10E-11 2.92E-11 

Pm-146 ð 5.99E-12 1.03E-10 3.13E-09 3.42E-12 8.25E-11 2.12E-09 

Pm-147 ð 2.48E-12 1.61E-11 1.44E-13 1.38E-12 1.50E-11 1.27E-13 

Pm-148m+D (Pm-148 0.046) 1.27E-11 2.17E-11 8.58E-09 7.15E-12 1.88E-11 5.84E-09 

Po-209 ð -1d -1d -1d -1d -1d -1d 

Po-210 ð 2.25E-09 1.45E-08 3.66E-14 1.64E-09 1.37E-08 2.49E-14 

Pt-193 ð 3.09E-13 1.96E-12 2.69E-14 1.71E-13 1.83E-12 1.59E-14 

Pu-236 ð 9.92E-11 2.96E-08 3.66E-13 6.92E-11 2.80E-08 2.18E-13 

Pu-237 ð 8.40E-13 1.49E-12 1.59E-10 4.70E-13 1.32E-12 1.07E-10 

Pu-238 ð 1.69E-10 5.22E-08 2.66E-13 1.30E-10 4.40E-08 1.57E-13 

Pu-239 ð 1.74E-10 5.51E-08 2.99E-13 1.34E-10 4.66E-08 1.93E-13 

Pu-240 ð 1.74E-10 5.55E-08 2.61E-13 1.34E-10 4.66E-08 1.53E-13 

Pu-241+D (U-237 0.0000245) 2.28E-12 8.66E-10 1.75E-14 1.88E-12 7.33E-10 1.18E-14 

Pu-242 ð 1.65E-10 5.25E-08 2.23E-13 1.28E-10 4.40E-08 1.31E-13 

Pu-244+D 
(U-240 0.9988), 

(Np-240m 0.9988) 
1.90E-10 5.00E-08 1.43E-09 1.40E-10 4.22E-08 9.67E-10 
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Table A-10  (Cont.)  

Radionuclidea 

Associated Progeny 

Radionuclidesb 

FGR 13 Morbidity Risk Coefficients FGR 13 Mortality Risk Coefficients 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ra-226+D 

Rn-222,Po-218, 

(Pb-214 9.9980E-01), 

Bi-214, (Po-214 

9.9980E-01), (Tl-210 

2.0000E-04), (At-218 

2.0000E-04) 

5.15E-10 2.83E-08 7.87E-09 3.55E-10 2.69E-08 5.35E-09 

Ra-228+D Ac-228 1.43E-09 4.37E-08 4.21E-09 1.01E-09 4.15E-08 2.86E-09 

Rb-83+D (Kr-83m 0.76199) 7.51E-12 5.48E-12 2.08E-09 5.14E-12 4.40E-12 1.41E-09 

Rb-84 ð 1.17E-11 9.29E-12 3.92E-09 7.96E-12 7.84E-12 2.66E-09 

Rb-87 ð 7.07E-12 4.33E-11 4.96E-13 4.74E-12 4.03E-11 4.52E-13 

Re-184 ð 4.40E-12 8.25E-12 3.74E-09 2.66E-12 7.18E-12 2.54E-09 

Re-184m ð 6.96E-12 3.51E-11 1.55E-09 4.14E-12 3.17E-11 1.05E-09 

Re-186m+D Re-186 1.85E-11 1.71E-10 1.11E-10 1.08E-11 1.61E-10 7.54E-11 

Re-187 ð 2.56E-14 1.18E-13 0.00E+00 1.49E-14 1.10E-13 0.00E+00 

Rh-101 ð 3.01E-12 1.81E-11 1.00E-09 1.81E-12 1.61E-11 6.77E-10 

Rh-102 ð 1.04E-11 5.99E-11 9.10E-09 6.59E-12 4.96E-11 6.19E-09 

Rh-102m ð 8.73E-12 2.56E-11 2.01E-09 5.00E-12 2.28E-11 1.37E-09 

Ru-103+D (Rh-103m 0.997) 5.56E-12 1.07E-11 1.95E-09 3.15E-12 9.59E-12 1.33E-09 

Ru-106+D Rh-106 6.10E-11 2.23E-10 9.17E-10 3.46E-11 2.06E-10 6.26E-10 

S-35 ð 3.70E-12 6.55E-12 4.99E-14 2.49E-12 6.03E-12 4.43E-14 

Sb-124 ð 1.85E-11 3.20E-11 8.14E-09 1.06E-11 2.79E-11 5.54E-09 

Sb-125 ð 6.14E-12 4.00E-11 1.75E-09 3.74E-12 3.60E-11 1.19E-09 

Sc-46 ð 8.88E-12 2.47E-11 8.83E-09 5.03E-12 2.14E-11 6.00E-09 

Se-75 ð 1.08E-11 5.00E-12 1.55E-09 7.55E-12 4.25E-12 1.05E-09 

Se-79 ð 9.69E-12 1.99E-11 6.29E-14 6.73E-12 1.87E-11 5.60E-14 

Si-32+D P-32 1.73E-11 3.07E-10 1.34E-11 1.12E-11 2.90E-10 1.08E-11 

Sm-145 ð 1.70E-12 5.96E-12 1.04E-10 9.51E-13 5.11E-12 6.78E-11 

Sm-146 ð 5.25E-11 1.39E-08 0.00E+00 4.03E-11 1.25E-08 0.00E+00 

Sm-147 ð 4.77E-11 1.26E-08 0.00E+00 3.66E-11 1.13E-08 0.00E+00 

Sm-151 ð 8.07E-13 9.18E-12 1.77E-15 4.55E-13 8.55E-12 1.01E-15 

Sn-113+D In-113m 6.46E-12 1.46E-11 1.07E-09 3.62E-12 1.31E-11 7.24E-10 

Sn-119m  ð 3.24E-12 1.19E-11 5.18E-12 1.80E-12 1.10E-11 3.08E-12 

Sn-121m+D (Sn-121 0.776) 5.12E-12 4.41E-11 3.88E-12 2.87E-12 4.14E-11 2.56E-12 

Sn-123  ð 2.05E-11 4.63E-11 3.90E-11 1.14E-11 4.22E-11 2.77E-11 

Sn-126+D 
Sb-126m, 

(Sb-126 0.14) 
3.92E-11 4.13E-10 8.40E-09 2.25E-11 3.79E-10 5.70E-09 

Sr-85 ð 3.11E-12 3.23E-12 2.10E-09 2.06E-12 2.65E-12 1.43E-09 

Sr-89 ð 1.84E-11 3.02E-11 1.06E-11 1.10E-11 2.67E-11 8.52E-12 

Sr-90+D Y-90 9.53E-11 4.33E-10 2.45E-11 7.46E-11 4.06E-10 1.93E-11 

Ta-179 ð 5.00E-13 2.05E-12 7.81E-11 2.79E-13 1.79E-12 5.21E-11 

Ta-180 ð 6.44E-12 7.25E-11 2.17E-09 3.61E-12 6.51E-11 1.47E-09 

Ta-182 ð 1.15E-11 3.74E-11 5.64E-09 6.48E-12 3.35E-11 3.83E-09 

Tb-157 ð 2.70E-13 3.20E-12 4.45E-12 1.52E-13 2.89E-12 2.92E-12 

Tb-158 ð 6.99E-12 1.71E-10 3.36E-09 4.03E-12 1.39E-10 2.28E-09 

Tb-160 ð 1.27E-11 3.00E-11 4.87E-09 7.07E-12 2.68E-11 3.32E-09 

Tc-95m+D (Tc-95 0.04) 2.54E-12 4.60E-12 2.94E-09 1.53E-12 3.82E-12 1.99E-09 

Tc-97 ð 3.89E-13 4.81E-12 1.66E-12 2.25E-13 4.51E-12 9.21E-13 

Tc-97m ð 3.44E-12 1.44E-11 2.73E-12 1.96E-12 1.33E-11 1.67E-12 

Tc-98 ð 1.01E-11 1.24E-10 6.01E-09 5.96E-12 1.10E-10 4.09E-09 
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Table A-10  (Cont.)  

Radionuclidea 

Associated Progeny 

Radionuclidesb 

FGR 13 Morbidity Risk Coefficients FGR 13 Mortality Risk Coefficients 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Tc-99 ð 4.00E-12 3.81E-11 4.34E-13 2.28E-12 3.58E-11 3.95E-13 

Te-121m+D (Te-121 0.886) 1.03E-11 2.19E-11 2.91E-09 6.85E-12 1.93E-11 1.97E-09 

Te-123 ð 5.11E-12 1.19E-11 1.13E-11 4.37E-12 1.04E-11 6.82E-12 

Te-123m ð 5.66E-12 1.78E-11 5.31E-10 3.60E-12 1.63E-11 3.60E-10 

Te-125m ð 4.70E-12 1.45E-11 2.50E-11 2.78E-12 1.34E-11 1.54E-11 

Te-127m+D (Te-127 0.976) 1.34E-11 3.53E-11 2.99E-11 8.32E-12 3.23E-11 2.03E-11 

Te-129m+D (Te-129 0.65) 2.22E-11 3.01E-11 2.91E-10 1.26E-11 2.66E-11 1.98E-10 

Th-228+D 

Ra-224, Rn-220, 

Po-216, Pb-212, 

Bi-212, (Po-212 

0.6407), (Tl-208 

0.3593) 

4.22E-10 1.44E-07 7.19E-09 2.58E-10 1.37E-07 4.89E-09 

Th-229+D 

Ra-225, Ac-225, 

Fr-221, At-217, Bi-

213, (Po-213 0.9784), 

(Tl-209 0.0216), 

Pb-209 

7.16E-10 2.30E-07 1.26E-09 4.73E-10 2.17E-07 8.53E-10 

Th-230 ð 1.19E-10 3.40E-08 1.31E-12 7.99E-11 2.68E-08 8.71E-13 

Th-232 ð 1.33E-10 4.33E-08 6.25E-13 9.07E-11 4.07E-08 4.10E-13 

Ti-44+D Sc-44 3.86E-11 3.42E-10 9.68E-09 2.27E-11 3.07E-10 6.57E-09 

Tl-204 ð 8.25E-12 6.07E-11 5.66E-12 4.96E-12 5.66E-11 4.27E-12 

Tm-170 ð 1.31E-11 3.33E-11 1.88E-11 7.25E-12 3.04E-11 1.32E-11 

Tm-171 ð 1.02E-12 4.37E-12 1.53E-12 5.70E-13 4.03E-12 1.02E-12 

U-232 ð 3.85E-10 9.25E-08 1.01E-12 2.67E-10 8.77E-08 6.61E-13 

U-233 ð 9.69E-11 2.83E-08 1.27E-12 6.25E-11 2.69E-08 8.45E-13 

U-234 ð 9.55E-11 2.78E-08 5.10E-13 6.14E-11 2.64E-08 3.26E-13 

U-235+D Th-231 9.76E-11 2.50E-08 6.33E-10 6.17E-11 2.38E-08 4.29E-10 

U-236 ð 9.03E-11 2.58E-08 3.12E-13 5.81E-11 2.45E-08 1.94E-13 

U-238+D 

Th-234, (Pa-234m 

0.998), (Pa-234 

0.0033) 

1.21E-10 2.36E-08 1.22E-10 7.47E-11 2.25E-08 8.46E-11 

V-49 ð 1.79E-13 2.82E-13 0.00E+00 9.92E-14 2.51E-13 0.00E+00 

W-181 ð 5.70E-13 1.07E-12 1.01E-10 3.23E-13 9.14E-13 6.75E-11 

W-185 ð 4.29E-12 1.36E-11 9.29E-13 2.38E-12 1.26E-11 7.95E-13 

W-188+D Re-188 2.76E-11 5.78E-11 2.58E-10 1.50E-11 5.22E-11 1.77E-10 

Xe-127 ð -1d -1d 1.04E-09 -1d -1d 7.02E-10 

Y-88 ð 5.85E-12 2.03E-11 1.23E-08 3.43E-12 1.48E-11 8.37E-09 

Y-91 ð 2.35E-11 3.36E-11 2.70E-11 1.30E-11 2.98E-11 1.97E-11 

Yb-169 ð 5.85E-12 1.08E-11 1.02E-09 3.25E-12 9.66E-12 6.87E-10 

Zn-65 ð 1.54E-11 7.59E-12 2.57E-09 1.04E-11 6.14E-12 1.75E-09 

Zr-88 ð 2.18E-12 1.35E-11 1.62E-09 1.32E-12 1.12E-11 1.10E-09 

Zr-93 ð 1.44E-12 1.52E-11 0.00E+00 1.05E-12 1.41E-11 0.00E+00 

Zr-95+D (Nb-95m 0.007) 6.63E-12 2.11E-11 3.17E-09 3.76E-12 1.87E-11 2.15E-09 
a Risk coefficients for entries labeled by ñ+Dò are aggregated risk coefficients of a principal radionuclide together with 

the associated decay chain progenies. 
b The associated progenies are listed. If a branching fraction is anything other than 1, it is listed along with the 

radionuclide in the bracket. 
c Indicates there is no associated radionuclide. 
d ñ-1ò indicates no value listed in FGR 13. For risk calculation, a value of 0 is used in the RESRAD family of codes. 
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Table A-11  Default Ingestion, Inhalation, and Air Submersion Slope Factors for at least 30 Day 

Half -life Radionuclides from DCFPAK3.02 in RESRAD-BUILD Code 

Principal 

Radionuclidea Associated Decay Chainb 

DCFPAK3.02 Morbidity Risk  

Coefficients 

DCFPAK3.02 Mortality Risk  

Coefficients 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ac-227+D 

(Th-227 9.8620E-01), 

(Ra-223 1.0000E+00), 

(Rn-219 1.0000E+00), 

Po-215, Pb-211, Bi-211, 

(Tl-207 9.9724E-01), 

(Po-211 2.7600E-03), 

(Fr-223 1.3800E-02), 

(At-219 8.2800E-07), 

(Bi-215 8.2800E-07) 

6.54E-10 2.13E-07 1.73E-09 4.45E-10 2.02E-07 1.17E-09 

Ag-105  ðc 2.46E-12 3.15E-12 2.07E-09 1.46E-12 2.62E-12 1.40E-09 

Ag-108m+D (Ag-108 8.7000E-02) 1.11E-11 1.05E-10 6.78E-09 7.07E-12 9.03E-11 4.60E-09 

Ag-110m+D (Ag-110 1.3600E-02) 1.39E-11 4.55E-11 1.20E-08 8.62E-12 3.85E-11 8.18E-09 

Al -26 ð 2.48E-11 2.90E-10 1.21E-08 1.42E-11 2.60E-10 8.24E-09 

Am-241 ð 1.34E-10 3.77E-08 5.80E-11 9.43E-11 3.34E-08 3.86E-11 

Am-242m+D 
(Am-242 0.9955) (Np-

238 0.0045) 
9.00E-11 3.43E-08 6.20E-11 6.81E-11 2.68E-08 4.21E-11 

Am-243+D Np-239 1.42E-10 3.70E-08 8.38E-10 9.86E-11 3.17E-08 5.67E-10 

Ar-37 ð -1d -1d -1d -1d -1d -1d 

Ar-39 ð -1d -1d 1.94E-12 -1d -1d 1.70E-12 

Ar-42 K-42 1.74E-12 1.24E-12 1.33E-09 1.22E-12 1.09E-12 9.11E-10 

As-73 ð 2.29E-12 4.99E-12 1.32E-11 1.29E-12 4.55E-12 8.78E-12 

Au-195 ð 2.26E-12 6.62E-12 2.38E-10 1.26E-12 5.96E-12 1.60E-10 

Ba-133 ð 9.47E-12 3.29E-11 1.50E-09 6.44E-12 2.90E-11 1.02E-09 

Be-10 ð 1.03E-11 9.40E-11 2.37E-12 5.77E-12 8.80E-11 2.09E-12 

Be-7 ð 1.21E-13 2.15E-13 2.07E-10 7.14E-14 1.72E-13 1.40E-10 

Bi-207 ð 8.25E-12 1.10E-10 6.61E-09 4.70E-12 9.62E-11 4.49E-09 

Bi-208 ð 5.40E-12 9.95E-11 1.28E-08 3.17E-12 8.29E-11 8.77E-09 

Bi-210m+D Tl-206 7.77E-11 2.92E-08 1.07E-09 4.48E-11 2.77E-08 7.25E-10 

Bk-247 ð 1.61E-10 4.81E-08 5.47E-10 1.19E-10 3.96E-08 3.70E-10 

Bk-249+D (Am-245 1.45E-05) 1.56E-12 1.19E-10 1.31E-14 9.40E-13 9.80E-11 1.00E-14 

C-14 ð 2.00E-12 1.69E-11 4.29E-14 1.36E-12 1.59E-11 3.77E-14 

Ca-41 ð 5.11E-13 5.92E-13 0.00E+00 4.51E-13 5.51E-13 0.00E+00 

Ca-45 ð 3.36E-12 1.28E-11 2.29E-13 2.32E-12 1.19E-11 2.08E-13 

Cd-109 ð 6.70E-12 2.19E-11 1.85E-11 4.22E-12 2.02E-11 1.17E-11 

Cd-113 ð 2.88E-11 1.11E-10 3.78E-13 2.01E-11 7.99E-11 3.43E-13 

Cd-113m ð 3.67E-11 1.32E-10 1.75E-12 2.51E-11 9.40E-11 1.49E-12 

Cd-115m+D (In-115m 1.06E-04) 2.45E-11 2.91E-11 1.55E-10 1.39E-11 2.56E-11 1.07E-10 

Ce-139 ð 1.97E-12 6.92E-12 5.43E-10 1.10E-12 6.21E-12 3.67E-10 

Ce-141 ð 6.81E-12 1.35E-11 2.80E-10 3.77E-12 1.22E-11 1.90E-10 

Ce-144+D 
(Pr-144 9.9999E-01), 

(Pr-144m 9.7699E-03) 
5.19E-11 1.80E-10 2.33E-10 2.87E-11 1.66E-10 1.62E-10 

Cf-248 ð 6.25E-11 2.56E-08 1.81E-12 3.81E-11 2.43E-08 1.20E-12 

Cf-249 ð 1.63E-10 4.85E-08 1.33E-09 1.21E-10 4.00E-08 9.01E-10 

Cf-250 ð 1.15E-10 3.74E-08 4.53E-11 8.21E-11 3.54E-08 3.08E-11 

Cf-251 ð 1.69E-10 4.92E-08 4.39E-10 1.25E-10 4.07E-08 2.97E-10 

Cf-252 ð 1.82E-10 4.44E-08 2.09E-09 1.14E-10 4.22E-08 1.43E-09 

Cf-254 ð 3.06E-09 1.52E-07 7.74E-08 1.74E-09 1.44E-07 5.27E-08 
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Principal 

Radionuclidea Associated Decay Chainb 

DCFPAK3.02 Morbidity Risk  

Coefficients 

DCFPAK3.02 Mortality Risk  

Coefficients 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Cl-36 ð 4.44E-12 1.01E-10 3.46E-12 2.93E-12 9.55E-11 2.88E-12 

Cm-241 ð 7.18E-12 1.22E-10 1.97E-09 4.03E-12 1.15E-10 1.33E-09 

Cm-242 ð 5.47E-11 2.01E-08 2.94E-13 3.20E-11 1.91E-08 1.70E-13 

Cm-243 ð 1.24E-10 3.68E-08 4.87E-10 8.55E-11 3.47E-08 3.29E-10 

Cm-244 ð 1.08E-10 3.55E-08 3.15E-13 7.47E-11 3.36E-08 1.89E-13 

Cm-245 ð 1.35E-10 3.81E-08 3.62E-10 9.55E-11 3.25E-08 2.45E-10 

Cm-246 ð 1.33E-10 3.81E-08 1.68E-11 9.40E-11 3.28E-08 1.14E-11 

Cm-247+D Pu-243 1.30E-10 3.49E-08 1.37E-09 9.07E-11 2.90E-08 9.31E-10 

Cm-248 ð 5.96E-10 1.44E-07 6.03E-09 4.07E-10 1.12E-07 4.10E-09 

Cm-250+D 

(Pu-246 0.18), (Am-

246m 0.18), (Bk-250 

0.08) 

4.33E-09 9.88E-07 6.23E-08 2.94E-09 7.73E-07 4.25E-08 

Co-56 ð 1.42E-11 2.52E-11 1.67E-08 8.62E-12 2.09E-11 1.14E-08 

Co-57 ð 1.49E-12 3.74E-12 4.54E-10 8.99E-13 3.24E-12 3.07E-10 

Co-58 ð 4.14E-12 7.92E-12 4.17E-09 2.52E-12 6.66E-12 2.84E-09 

Co-60 ð 2.23E-11 1.01E-10 1.12E-08 1.44E-11 8.62E-11 7.65E-09 

Cs-134 ð 5.18E-11 6.99E-11 6.63E-09 3.54E-11 6.14E-11 4.51E-09 

Cs-135 ð 7.81E-12 3.36E-11 3.26E-13 5.25E-12 3.16E-11 2.98E-13 

Cs-137+D (Ba-137m 9.4399E-01) 3.74E-11 1.13E-10 2.38E-09 2.55E-11 1.03E-10 1.62E-09 

Dy-154 ð 4.22E-11 1.31E-08 0.00E+00 2.83E-11 1.24E-08 0.00E+00 

Dy-159  ð 7.92E-13 1.73E-12 8.39E-11 4.44E-13 1.51E-12 5.52E-11 

Es-254+D 
(Fm-254 1.7390E-06), 

(Bk-250 1.0000E+00) 
7.93E-11 2.59E-08 3.94E-09 4.71E-11 2.46E-08 2.68E-09 

Es-255+D 
(Fm-255 0.92), (Bk-251 

0.08 ) 
6.37E-11 1.61E-08 3.55E-11 3.56E-11 1.53E-08 2.38E-11 

Eu-148 ð 6.14E-12 1.28E-11 9.46E-09 3.58E-12 9.47E-12 6.42E-09 

Eu-149 ð 1.28E-12 1.73E-12 1.82E-10 7.14E-13 1.47E-12 1.23E-10 

Eu-150 ð 5.62E-12 2.72E-10 6.48E-09 3.38E-12 2.11E-10 4.40E-09 

Eu-152 ð 8.32E-12 1.91E-10 5.06E-09 4.81E-12 1.52E-10 3.43E-09 

Eu-154 ð 1.42E-11 2.06E-10 5.44E-09 8.07E-12 1.69E-10 3.70E-09 

Eu-155 ð 2.83E-12 1.92E-11 1.93E-10 1.58E-12 1.76E-11 1.30E-10 

Fe-55 ð 1.16E-12 1.48E-12 6.11E-19 8.84E-13 1.22E-12 4.12E-19 

Fe-59 ð 1.11E-11 1.47E-11 5.30E-09 7.07E-12 1.29E-11 3.61E-09 

Fe-60+D Co-60m 2.49E-10 3.85E-10 1.81E-11 1.91E-10 3.02E-10 1.22E-11 

Fm-257+D 

(Cf-253 0.9979), 

(Es-253 0.9948), 

(Cm-249 0.0031) 

1.27E-10 4.41E-08 5.55E-10 7.23E-11 4.19E-08 3.76E-10 

Gd-146+D Eu-146 1.33E-11 2.82E-11 1.12E-08 7.52E-12 2.45E-11 7.60E-09 

Gd-148 ð 5.44E-11 1.52E-08 0.00E+00 3.96E-11 1.44E-08 0.00E+00 

Gd-150 ð 4.88E-11 1.23E-08 0.00E+00 3.60E-11 1.16E-08 0.00E+00 

Gd-151 ð 1.91E-12 4.37E-12 1.91E-10 1.06E-12 3.88E-12 1.28E-10 

Gd-152 ð 3.85E-11 9.10E-09 0.00E+00 2.83E-11 8.14E-09 0.00E+00 

Gd-153 ð 2.22E-12 8.58E-12 2.72E-10 1.24E-12 7.73E-12 1.82E-10 

Ge-68+D Ga-68 1.02E-11 1.04E-10 3.98E-09 5.86E-12 9.63E-11 2.71E-09 

H-3  ð 1.44E-13 8.47E-13 0.00E+00 9.80E-14 7.81E-13 0.00E+00 

Hf-172+D Lu-172m Lu-172 1.54E-11 9.15E-11 8.70E-09 8.84E-12 8.01E-11 5.91E-09 

Hf-174 ð 7.99E-11 1.01E-08 0.00E+00 5.59E-11 9.55E-09 0.00E+00 

Hf-175 ð 2.77E-12 5.25E-12 1.35E-09 1.56E-12 4.51E-12 9.19E-10 
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Principal 

Radionuclidea Associated Decay Chainb 

DCFPAK3.02 Morbidity Risk  
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DCFPAK3.02 Mortality Risk  
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Ingestion 

(risk/pCi) 
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pCi/m3) 

Hf-178m ð 1.72E-11 3.24E-10 9.10E-09 1.04E-11 2.59E-10 6.18E-09 

Hf-181 ð 9.32E-12 2.13E-11 2.15E-09 5.22E-12 1.92E-11 1.46E-09 

Hf-182 ð 6.36E-12 3.29E-10 9.60E-10 4.40E-12 2.74E-10 6.50E-10 

Hg-194+D Au-194 1.07E-10 7.51E-11 4.53E-09 7.38E-11 6.23E-11 3.07E-09 

Hg-203 ð 7.62E-12 2.45E-11 9.59E-10 5.07E-12 2.20E-11 6.50E-10 

Ho-163 ð 2.63E-14 1.20E-12 0.00E+00 1.52E-14 9.06E-13 0.00E+00 

Ho-166m ð 1.18E-11 7.66E-10 6.83E-09 7.03E-12 5.81E-10 4.63E-09 

I-125 ð 3.45E-11 2.78E-11 2.84E-11 3.59E-12 2.88E-12 1.74E-11 

I-129 ð 1.97E-10 1.64E-10 2.20E-11 2.01E-11 2.27E-11 1.38E-11 

In-114m+D (In-114 0.9675 ) 3.64E-11 5.03E-11 3.24E-10 2.08E-11 4.48E-11 2.21E-10 

In-115 ð 4.33E-11 4.07E-10 1.06E-12 3.70E-11 3.66E-10 9.49E-13 

Ir-192 ð 1.07E-11 2.41E-11 3.36E-09 6.03E-12 2.15E-11 2.28E-09 

Ir-192n ð 7.62E-12 1.57E-10 2.43E-12 4.37E-12 1.44E-10 1.80E-12 

Ir-194m ð 1.20E-11 4.37E-11 9.74E-09 6.99E-12 3.81E-11 6.61E-09 

K-40 ð 3.42E-11 2.22E-10 7.25E-10 2.17E-11 2.07E-10 4.94E-10 

Kr-81 ð -1d -1d 3.50E-12 -1d -1d 2.36E-12 

Kr-85 ð -1d -1d 1.18E-11 -1d -1d 8.50E-12 

La-137 ð 5.07E-13 1.42E-11 2.38E-11 2.92E-13 1.17E-11 1.51E-11 

La-138 ð 4.96E-12 3.04E-10 5.50E-09 2.99E-12 2.34E-10 3.74E-09 

Lu-173 ð 2.80E-12 1.26E-11 5.83E-10 1.57E-12 1.12E-11 3.92E-10 

Lu-174 ð 2.27E-12 1.50E-11 4.10E-10 1.27E-12 1.36E-11 2.77E-10 

Lu-174m ð 5.11E-12 1.57E-11 1.56E-10 2.82E-12 1.43E-11 1.04E-10 

Lu-176 ð 1.37E-11 1.77E-10 1.90E-09 7.73E-12 1.54E-10 1.28E-09 

Lu-177m+D (Lu-177 2.1700E-01) 1.46E-11 5.76E-11 3.94E-09 8.17E-12 5.23E-11 2.67E-09 

Mn-53 ð 2.22E-13 9.62E-13 0.00E+00 1.29E-13 8.88E-13 0.00E+00 

Mn-54 ð 3.10E-12 1.21E-11 3.60E-09 1.96E-12 9.88E-12 2.45E-09 

Mo-93 ð 3.88E-12 5.55E-12 1.25E-12 3.47E-12 5.22E-12 6.95E-13 

Na-22 ð 1.26E-11 9.73E-11 9.56E-09 8.66E-12 8.55E-11 6.50E-09 

Nb-91 ð 3.92E-13 4.99E-12 7.66E-12 2.19E-13 4.66E-12 5.08E-12 

Nb-91m ð 3.92E-12 1.46E-11 1.12E-10 2.18E-12 1.35E-11 7.62E-11 

Nb-92 ð 4.59E-12 7.44E-11 6.42E-09 2.77E-12 6.22E-11 4.37E-09 

Nb-93m ð 1.22E-12 6.03E-12 2.23E-13 6.77E-13 5.59E-12 1.24E-13 

Nb-94 ð 1.11E-11 1.34E-10 6.70E-09 6.40E-12 1.18E-10 4.55E-09 

Nb-95 ð 3.50E-12 6.40E-12 3.28E-09 2.00E-12 5.55E-12 2.23E-09 

Nd-144 ð 3.92E-11 1.04E-08 0.00E+00 3.02E-11 9.32E-09 0.00E+00 

Ni-59 ð 3.85E-13 2.39E-12 6.48E-14 2.29E-13 1.67E-12 4.40E-14 

Ni-63 ð 9.69E-13 5.88E-12 0.00E+00 5.73E-13 4.11E-12 0.00E+00 

Np-235+D (U-235m 3.9934E-03) 5.47E-13 2.05E-12 2.43E-12 3.03E-13 1.88E-12 1.58E-12 

Np-236+D (Pa-232 1.6E-3) 1.83E-11 3.36E-09 5.11E-10 1.15E-11 2.44E-09 3.45E-10 

Np-237+D Pa-233 9.18E-11 2.87E-08 9.30E-10 5.82E-11 2.71E-08 6.31E-10 

Os-185 ð 2.62E-12 5.92E-12 2.86E-09 1.53E-12 4.92E-12 1.94E-09 

Os-186 ð 1.05E-10 1.20E-08 0.00E+00 7.10E-11 1.14E-08 0.00E+00 

Os-194+D Ir-194 3.54E-11 2.59E-10 4.07E-10 1.98E-11 2.42E-10 2.78E-10 

Pa-231 ð 2.26E-10 7.62E-08 1.34E-10 1.59E-10 5.62E-08 9.05E-11 

Pb-202+D (Tl-202 9.9000E-01) 4.71E-11 1.39E-10 1.84E-09 3.44E-11 1.29E-10 1.25E-09 

Pb-205  ð 8.03E-13 2.28E-12 3.08E-14 6.25E-13 2.13E-12 1.85E-14 

Pb-210+D 
Bi-210, (Hg-206 1.9E-

08), (Tl-206 1.339E-06) 
1.19E-09 1.63E-08 9.22E-12 8.62E-10 1.55E-08 7.00E-12 
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Pd-107 ð 3.81E-13 1.75E-12 0.00E+00 2.10E-13 1.62E-12 0.00E+00 

Pm-143 ð 1.24E-12 9.06E-12 1.26E-09 7.14E-13 6.92E-12 8.56E-10 

Pm-144 ð 4.70E-12 5.51E-11 6.52E-09 2.74E-12 4.18E-11 4.42E-09 

Pm-145 ð 7.58E-13 1.24E-11 4.47E-11 4.33E-13 1.06E-11 2.90E-11 

Pm-146 ð 5.88E-12 1.03E-10 3.12E-09 3.37E-12 8.18E-11 2.11E-09 

Pm-147 ð 2.48E-12 1.61E-11 1.44E-13 1.38E-12 1.50E-11 1.27E-13 

Pm-148m+D (Pm-148 4.2000E-02) 1.25E-11 2.14E-11 8.54E-09 7.06E-12 1.86E-11 5.81E-09 

Po-208 ð 2.81E-09 2.26E-08 8.73E-14 2.05E-09 2.15E-08 5.93E-14 

Po-209 ð 2.79E-09 2.82E-08 2.58E-11 2.04E-09 2.67E-08 1.75E-11 

Po-210 ð 2.25E-09 1.45E-08 4.18E-14 1.65E-09 1.38E-08 2.84E-14 

Pt-190 ð 4.22E-11 1.50E-08 0.00E+00 2.57E-11 1.42E-08 0.00E+00 

Pt-193 ð 3.55E-13 1.97E-12 1.87E-14 1.96E-13 1.83E-12 1.10E-14 

Pu-236 ð 1.00E-10 2.96E-08 3.39E-13 7.03E-11 2.81E-08 2.03E-13 

Pu-237 ð 9.36E-13 1.49E-12 1.61E-10 5.22E-13 1.32E-12 1.09E-10 

Pu-238 ð 1.69E-10 5.22E-08 2.56E-13 1.29E-10 4.40E-08 1.50E-13 

Pu-239+D (U-235m 9.9940E-01) 1.74E-10 5.55E-08 3.22E-13 1.34E-10 4.66E-08 2.09E-13 

Pu-240 ð 1.74E-10 5.55E-08 2.52E-13 1.34E-10 4.66E-08 1.48E-13 

Pu-241+D (U-237 2.45E-05) 2.28E-12 8.66E-10 1.72E-14 1.87E-12 7.33E-10 1.16E-14 

Pu-242 ð 1.66E-10 5.25E-08 5.56E-13 1.28E-10 4.44E-08 3.59E-13 

Pu-244+D 
U-240, Np-240m, (Np-

240 1.1000E-03) 
1.98E-10 5.22E-08 1.48E-09 1.46E-10 4.40E-08 1.01E-09 

Ra-226+D 

Rn-222, Po-218, (Pb-214 

9.9980E-01), (Bi-214 

1.0E+00), (Po-214 

9.9979E-01), (Tl-210 

2.1E-04), (At-218 

2.0E-04), (Rn-218 

2.0E-07) 

5.15E-10 2.82E-08 7.74E-09 3.54E-10 2.68E-08 5.27E-09 

Ra-228+D Ac-228 1.43E-09 4.37E-08 3.76E-09 1.01E-09 4.15E-08 2.56E-09 

Rb-83+D (Kr-83m 7.4292E-01) 7.07E-12 5.18E-12 2.02E-09 4.81E-12 4.14E-12 1.38E-09 

Rb-84 ð 1.19E-11 1.04E-11 3.88E-09 8.07E-12 8.92E-12 2.64E-09 

Rb-87 ð 7.32E-12 4.48E-11 5.39E-13 4.92E-12 4.18E-11 4.92E-13 

Re-183 ð 4.74E-12 1.24E-11 4.96E-10 2.77E-12 1.13E-11 3.34E-10 

Re-184 ð 4.40E-12 8.29E-12 3.74E-09 2.67E-12 7.21E-12 2.54E-09 

Re-184m ð 6.99E-12 3.56E-11 1.52E-09 4.14E-12 3.21E-11 1.03E-09 

Re-186m+D Re-186 1.83E-11 1.68E-10 1.12E-10 1.07E-11 1.57E-10 7.60E-11 

Re-187 ð 2.39E-14 1.10E-13 0.00E+00 1.40E-14 1.02E-13 0.00E+00 

Rh-101 ð 2.86E-12 1.72E-11 1.08E-09 1.73E-12 1.51E-11 7.30E-10 

Rh-102 ð 8.92E-12 2.60E-11 2.09E-09 5.11E-12 2.32E-11 1.43E-09 

Rh-102m ð 1.10E-11 6.66E-11 9.15E-09 6.99E-12 5.51E-11 6.22E-09 

Ru-103+D (Rh-103m 0.988 ) 5.27E-12 1.04E-11 2.07E-09 2.99E-12 9.26E-12 1.40E-09 

Ru-106+D Rh-106 6.10E-11 2.24E-10 9.20E-10 3.45E-11 2.07E-10 6.29E-10 

S-35 ð 3.70E-12 6.51E-12 4.94E-14 2.48E-12 6.03E-12 4.39E-14 

Sb-124 ð 1.85E-11 3.20E-11 8.30E-09 1.06E-11 2.79E-11 5.64E-09 

Sb-125 ð 6.21E-12 4.03E-11 1.78E-09 3.77E-12 3.64E-11 1.20E-09 

Sc-46 ð 8.84E-12 2.47E-11 8.83E-09 5.03E-12 2.14E-11 6.00E-09 

Se-75 ð 1.06E-11 4.92E-12 1.53E-09 7.44E-12 4.18E-12 1.04E-09 

Se-79 ð 9.18E-12 1.86E-11 5.00E-14 6.36E-12 1.74E-11 4.40E-14 
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Si-32+D P-32 1.75E-11 3.04E-10 1.35E-11 1.13E-11 2.87E-10 1.08E-11 

Sm-145 ð 1.66E-12 5.81E-12 1.01E-10 9.29E-13 4.99E-12 6.61E-11 

Sm-146 ð 5.22E-11 1.38E-08 0.00E+00 4.00E-11 1.24E-08 0.00E+00 

Sm-147 ð 4.77E-11 1.26E-08 0.00E+00 3.66E-11 1.13E-08 0.00E+00 

Sm-148 ð 4.11E-11 1.08E-08 0.00E+00 3.14E-11 9.73E-09 0.00E+00 

Sm-151 ð 8.14E-13 9.25E-12 1.90E-15 4.59E-13 8.62E-12 1.08E-15 

Sn-113+D In-113m  6.57E-12 1.48E-11 1.08E-09 3.67E-12 1.32E-11 7.33E-10 

Sn-119m  ð 3.30E-12 1.22E-11 6.75E-12 1.84E-12 1.13E-11 4.02E-12 

Sn-121m+D (Sn-121 7.7600E-01) 5.17E-12 4.41E-11 3.90E-12 2.89E-12 4.14E-11 2.58E-12 

Sn-123  ð 2.06E-11 4.66E-11 3.91E-11 1.14E-11 4.22E-11 2.78E-11 

Sn-126+D 
Sb-126m, (Sb-126 

1.4000E-01) 
4.00E-11 4.24E-10 8.35E-09 2.27E-11 3.86E-10 5.67E-09 

Sr-85 ð 3.05E-12 3.17E-12 2.05E-09 2.02E-12 2.60E-12 1.39E-09 

Sr-89 ð 1.84E-11 3.03E-11 1.06E-11 1.10E-11 2.67E-11 8.56E-12 

Sr-90+D Y-90 9.53E-11 4.34E-10 2.45E-11 7.42E-11 4.05E-10 1.93E-11 

Ta-179 ð 4.70E-13 1.78E-12 6.02E-11 2.63E-13 1.56E-12 4.02E-11 

Ta-182 ð 1.13E-11 3.70E-11 5.63E-09 6.33E-12 3.31E-11 3.82E-09 

Tb-157 ð 3.03E-13 3.70E-12 8.16E-12 1.71E-13 3.31E-12 5.35E-12 

Tb-158 ð 6.88E-12 1.72E-10 3.39E-09 3.96E-12 1.40E-10 2.30E-09 

Tb-160 ð 1.27E-11 3.02E-11 4.88E-09 7.14E-12 2.69E-11 3.32E-09 

Tc-95m+D (Tc-95 3.8800E-02) 2.57E-12 4.63E-12 2.99E-09 1.55E-12 3.86E-12 2.03E-09 

Tc-97 ð 3.92E-13 4.81E-12 1.62E-12 2.26E-13 4.48E-12 9.01E-13 

Tc-97m ð 3.45E-12 1.45E-11 2.69E-12 1.96E-12 1.35E-11 1.65E-12 

Tc-98 ð 9.40E-12 1.18E-10 6.01E-09 5.55E-12 1.04E-10 4.09E-09 

Tc-99 ð 4.00E-12 3.81E-11 4.35E-13 2.28E-12 3.58E-11 3.97E-13 

Te-121m+D (Te-121 8.8600E-01) 1.04E-11 2.24E-11 2.91E-09 6.93E-12 1.96E-11 1.97E-09 

Te-123 ð 1.32E-12 3.08E-12 1.95E-14 1.18E-12 2.82E-12 1.18E-14 

Te-123m ð 5.62E-12 1.77E-11 5.30E-10 3.58E-12 1.63E-11 3.59E-10 

Te-125m ð 4.70E-12 1.45E-11 2.50E-11 2.78E-12 1.33E-11 1.54E-11 

Te-127m+D (Te-127 9.7600E-01) 1.34E-11 3.53E-11 2.98E-11 8.37E-12 3.24E-11 2.02E-11 

Te-129m+D (Te-129 6.3000E-01) 2.21E-11 2.99E-11 2.93E-10 1.26E-11 2.64E-11 2.01E-10 

Th-228+D 

Ra-224, Rn-220, Po-216, 

Pb-212, Bi-212, (Po-212 

6.4060E-01), (Tl-208 

3.5940E-01) 

4.23E-10 1.44E-07 6.78E-09 2.58E-10 1.37E-07 4.62E-09 

Th-229+D 

Ra-225, Ac-225, Fr-221, 

At-217, Bi-213, (Po-213 

9.7910E-01), Pb-209, 

(Tl-209 2.0900E-02) 

7.17E-10 2.29E-07 1.22E-09 4.74E-10 2.18E-07 8.30E-10 

Th-230 ð 1.19E-10 3.41E-08 1.34E-12 8.03E-11 2.67E-08 8.92E-13 

Th-232 ð 1.33E-10 4.33E-08 6.81E-13 9.06E-11 4.07E-08 4.48E-13 

Ti-44+D Sc-44 3.86E-11 3.45E-10 9.69E-09 2.27E-11 3.10E-10 6.59E-09 

Tl-204 ð 8.21E-12 6.03E-11 6.06E-12 4.96E-12 5.66E-11 4.54E-12 

Tm-168 ð 6.44E-12 1.85E-11 5.16E-09 3.65E-12 1.61E-11 3.50E-09 

Tm-170 ð 1.29E-11 3.27E-11 1.51E-11 7.18E-12 2.99E-11 1.07E-11 

Tm-171 ð 1.02E-12 4.33E-12 1.46E-12 5.66E-13 4.03E-12 9.72E-13 

U-232 ð 3.85E-10 9.25E-08 9.25E-13 2.66E-10 8.77E-08 6.05E-13 

U-233 ð 9.69E-11 2.83E-08 9.38E-13 6.25E-11 2.69E-08 6.25E-13 
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Table A-11  (Cont.)  

Principal 

Radionuclidea Associated Decay Chainb 

DCFPAK3.02 Morbidity Risk  

Coefficients 

DCFPAK3.02 Mortality Risk  

Coefficients 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

Ingestion 

(risk/pCi) 

Inhalation 

(risk/pCi) 

Air 

Submersion 

(risk/yr per 

pCi/m3) 

U-234 ð 9.55E-11 2.78E-08 5.13E-13 6.14E-11 2.64E-08 3.28E-13 

U-235+D Th-231 9.76E-11 2.50E-08 6.71E-10 6.21E-11 2.37E-08 4.54E-10 

U-236 ð 8.99E-11 2.57E-08 3.06E-13 5.77E-11 2.44E-08 1.90E-13 

U-238+D 
Th-234, Pa-234m, (Pa-

234 1.6000E-03) 
1.20E-10 2.37E-08 1.28E-10 7.46E-11 2.25E-08 8.85E-11 

V-49 ð 1.77E-13 2.80E-13 0.00E+00 9.84E-14 2.49E-13 0.00E+00 

V-50 ð 7.95E-12 9.51E-11 6.52E-09 5.36E-12 7.14E-11 4.44E-09 

W-181 ð 6.51E-13 1.13E-12 9.99E-11 3.69E-13 9.73E-13 6.68E-11 

W-185 ð 4.29E-12 1.37E-11 9.14E-13 2.38E-12 1.26E-11 7.86E-13 

W-188+D Re-188 2.75E-11 5.81E-11 2.72E-10 1.49E-11 5.26E-11 1.86E-10 

Xe-127 ð -1d -1d 1.04E-09 -1d -1d 7.02E-10 

Y-88 ð 5.88E-12 2.04E-11 1.24E-08 3.43E-12 1.48E-11 8.38E-09 

Y-91 ð 2.36E-11 3.36E-11 2.48E-11 1.30E-11 2.98E-11 1.82E-11 

Yb-169 ð 6.81E-12 1.24E-11 1.07E-09 3.81E-12 1.11E-11 7.18E-10 

Zn-65 ð 1.53E-11 7.55E-12 2.56E-09 1.04E-11 6.10E-12 1.74E-09 

Zr-88 ð 2.15E-12 1.34E-11 1.58E-09 1.30E-12 1.12E-11 1.07E-09 

Zr-93 ð 1.41E-12 1.46E-11 7.52E-18 1.02E-12 1.35E-11 7.52E-18 

a Risk coefficients for entries labeled by ñ+Dò are aggregated risk coefficients of a principal radionuclide together with 

the associated decay chain progenies. 

b The associated progenies are listed. If a branching fraction is anything other than 1, it is listed along with the 

radionuclide in the bracket. 

c Indicates there is no associated radionuclide. 

d ñ-1ò indicates no value listed in DCFPAK3.02. For risk calculation, a value of 0 is used in the RESRAD family of 

codes. 

 

For the purpose of computing the risk coefficients, it is assumed the concentration of the 

radionuclide in the environmental medium remains constant and that all persons in the 

population are exposed to that environmental medium throughout their lifetimes. The risk 

coefficients are derived using the age and gender distributions of a hypothetical closed 

ñstationaryò population. The population is referred to as ñstationaryò because the gender-specific 

birth rates and survival functions are assumed to remain invariant over time. Risk coefficient 

estimates involve the use of (1) an age-dependent organ-specific cancer risk model (the age-at-

exposure groups considered in the models are 0ï9 years, 10ï19 years, 20ï29 years, 30ï39 years, 

and 40+ years), which is an absolute risk model or a relative risk model for 14 cancer sites; 

(2) age-specific biokinetic and dosimetric models; (3) U.S. decennial life tables and the cancer 

mortality/morbidity data for the same period; and (4) age- and gender-dependent usage of 

contaminated media. 

For each type of cancer, values for lifetime risk per unit of absorbed dose were used to 

convert the absorbed dose rates into the lifetime cancer risk as a function of age. This calculation 

involves the absorbed dose as a function of age, the time-dependent intake of radionuclides, and 

the populationôs survival function. The survival function is the age-dependent probability that a 
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person will die at a particular age. It was assumed that the radiation dose to the population does 

not significantly alter the survival function. 

Age- and gender-specific radiation risk models were taken from the EPA report, 

Estimating Radiological Cancer Risks, which was based on data from Japanese atomic bomb 

survivors as well as other study groups (EPA 1994). EPA also published an update on the dose to 

risk conversion coefficients in Radiogenic Cancer Risk Models and Projections for the 

U.S. Population (EPA 2011). 

Figure A-1 shows the steps involved in estimating risk coefficients. A total risk 

coefficient is derived by first adding the risk estimates for the different cancer sites in each 

gender and then calculating a weighted mean of the coefficients for males and females.  

 

Figure A-1  Steps Involved in Computation of Risk Coefficients 

Source: FGR 13 (EPA 1999). 
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The following are descriptions for each step shown in Figure A-1: 

Step 1. Lifetime risk per unit absorbed dose at each age. For each of 14 cancer sites in 

the body, radiation risk models are used to calculate gender-specific values for the lifetime risk 

per unit absorbed dose received at each age. The cancer sites considered are the esophagus, 

stomach, colon, liver, lung, bone, skin, breast, ovary, bladder, kidney, thyroid, red marrow 

(leukemia), and residual (all remaining cancer sites combined). The computation involves an 

integration over age, beginning at the age at which the dose is received, of the product of the age-

specific risk model coefficient and the survival function. 

Step 2. Absorbed dose rate as a function of time post acute intake at each age. This 

step involves using the age-specific biokinetic models to calculate time-dependent inventories of 

Activity in various regions of the body following acute intake of a unit Activity of the 

radionuclide. For a given radionuclide and intake mode, this calculation is performed for each of 

six ñbasicò ages at intake: infancy (100 days); 1, 5, 10, and 15 years; and maturity (usually 

20 years, but 25 years in the biokinetic models for some elements).  

Age-specific dosimetric models are used to convert the calculated time-dependent 

regional activities in the body to absorbed dose rates (per unit intake) to radiosensitive tissues as 

a function of age at intake and time after intake. Absorbed dose rates for intake ages intermediate 

to the six basic ages at intake are determined by interpolation. 

Step 3. Lifetime cancer risk per unit intake at each age. This step involves integration 

over age of the product of the absorbed dose rate at age y for a unit intake at age yi, the lifetime 

risk per unit absorbed dose received at age y, and the value of the survival function at age y 

divided by the value at age yi. The survival function is used to account for the probability that a 

person exposed at age yi is still alive at age y to receive the absorbed dose. It assumes the 

radiation dose received is low, and it does not change the survival function.  

Step 4. Lifetime cancer risk for chronic intake. This step takes into account the 

variation in environmental media usage with age and gender. For each cancer site and each 

gender, the lifetime cancer risk for chronic exposure is obtained by integration over age y of the 

product of the lifetime cancer risk per unit intake at age y and the expected intake of the 

environmental medium at age y. The expected intake at a given age is the product of the usage 

rate of the medium and the value of the survival function at that age. 

Step 5. Average lifetime cancer risk per unit activity intake. The average lifetime 

cancer risk is calculated by dividing the calculated lifetime cancer risk for chronic intake 

calculated in step 4 by the expected lifetime media usage.  

The computation of risk coefficients for external exposure involves fewer steps because 

age-specific organ dose rates due to external exposure are not available.  
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APPENDIX B:  

 

MODELING THE FATE OF RADIOACTIVITY  

IN RESRAD-BUILD 4.0 

This appendix describes the specification and modeling of the radioactivity in RESRAD-

BUILD considering radiological transformations (both decay and ingrowth); removal of material 

from the source; release of removed source material to the air within the building and its 

subsequent fate, suspended in the air, deposited on the floor, or ventilated out of the building; 

and inadvertent ingestion of the removed source material. The code maintains mass balance of 

the source material and the nuclides in this modeling except for the release of radon. The effect 

of releasing the radon isotopes is not considered when computing the concentration of the next 

principal radionuclide progeny of the radon parent. All variables in this appendix are in the MKS 

system of units unless otherwise noted. 

B.1  INITIAL RADIOACTIVITY OF RADIONUCLIDES IN EACH SOURCE TYPE 

The initial radioactivity of the radionuclides is specified on a different basis in each of the 

four types of sources as shown in row 3 of Table B-1. These are multiplied in the computational 

code by the inputs that quantify the extent of the source (row 4) to obtain the initial quantity of 

radioactivity in the source (row 5). 

Table B-1  Specification and Computation of Radioactivity in Source 

 

Source Type Volume Area Line Point 

      

Radionuclides 3H All but 3H All  All  All  

     

Specification of 

initial radioactivity 
ὅ  

Activity/g 
ὅ  

Activity/m2 

ὅ  

Activity/m 

ὅ  

Activity  

     

Specification of 

extent of source 

Area, ὃ  Area, ὃ  

Or ὒ ȟ ὒ  

 ὃ ὒ ὒ  

Length, ὒ  ï 

Wet Thickness, Ὕ  Thickness, Ὕ    

Dry bulk density, ”    

     

Initial quantity of 

radioactivity 
ὗ ὃ Ὕ ” ὅ  ὗ ὃ ὅ  ὗ ὒ ὅ  ὗ ὅ  

B.2  REMOVAL AND DISPOSITION OF MATERIAL FROM SOURCE 

The code models the removal and disposition of the material removed from the source. 

The removal of solid material from the source is modeled as occurring at a constant rate over one 

or more removal intervals; the number intervals depends on the source type. The removal of 

water associated with vaporizable tritium, 3H, is modeled as described in Section B.3.3 with the 

rate of removal varying continuously over time. Part or all of the solid material that is removed 

can be modeled as becoming airborne. The transient model that is used to describe the fate of the 
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material that is released to the air is developed later in this chapter. The material that is removed 

from the source, but does not become airborne, is assumed to be removed from the building 

continuously as it is generated, unless it is inadvertently ingested by receptors occupying the 

same room as the source. Figure B-1 depicts the disposition of source material over time. All the 

water that evaporates from a tritium source is modeled as being released to the air.  

Radionuclide-specific inputs and modeling apply only to 3H, 220Rn, and 222Rn. Thus, 

radiological transformations affect the concentration of the radionuclides in the same manner 

regardless of whether the source material is still intact in the source or whether it has been 

removed from the source and released to the air. The modeling of radiological transformations 

can therefore be independent of the modeling of the fate and disposition of the source material. 

This is reflected in Figure B-1 by the shading in the figure along the time axis; the shading at any 

time is the same across the four dispositions shown: released to air, inadvertently ingested, 

removed from building, and remains in situ. 

 

Figure B-1  Disposition of Source Material with Time 

B.3  PHYSICAL REMOVAL OF THE SOURCE MATERIAL  

The manner in which the physical removal of the source material is modeled depends on 

the source type and is summarized in Table B-2.  
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Table B-2  Characterizing the Removal of Source Material 

 

Source Type Volume Area Line Point 

      

Radionuclides Vaporizable 3H All but vaporizable 3H All  All  All  

    

Specification of 

removal 

Erosion rate, ‐  

Wet zone thickness, Ὕ π  

Dry zone thickness, Ὕ π  

Water content, — 

Vaporizable water fraction, Ὢ  

Humidity, Ὄ 

Diffusion coefficient of water in the 

pore space, Ὀ  

Erosion rate, ‐  

Thickness, Ὕ  

for each region, ὶ 
Index of region that is 

contaminated, ὧ 

Fraction removed, 

Ὢ  

Start time, ὸ  

End time, ὸ  

for each removal phase, ά 

    

Conditions   ὸ ὸ ὸ  

π ά ρπ 

Ὢ ρ 

    
Rate of removal ὶ ὸ

Ὀ ὧ Ὄ

—Ὕ π ςὈ
ὧ Ὄ

Ὢ —”
ὸ Ὕ π

 

ὶ
‐

Ὕ
 ὶ

Ὢ

ὸ ὸ
 

    
Time interval of 

removal, release to 

air and inadvertent 

ingestion 

ὸ
Ὢ —” Ὕ π ςὝ π Ὕ π

ςὈ ὧ Ὄ
 

Ὕ

‐
ὸ

Ὕ

‐
 

ὸ ὸ ὸ  

    
Rate of release to 

air 
ὶ ὸ  Ὢ ὶ  Ὢ ὶ  

B.3.1  Physical Removal from Point, Line, and Area Sources 

The physical removal of material from an area, line, or point source is modeled as 

occurring over up to ten distinct time intervals. The rate of removal is constant over each 

removal interval, but each interval can have its own removal rate. The start and end times of each 

removal interval and the fraction removed during that interval are specified by the user. The 

removal of source material over each time interval is modeled as being at a constant rate, ὶ , 

given by the expression  

ὶ
Ὢ

ὸ ὸ
 (B.1) 

where: 

 ὶ  = rate of removal of the source material during the άth removal interval, 

 Ὢ  = fraction of source material removed during the άth removal interval, 
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where: 

 ὶ  = rate of removal of the source material as a fraction of the initial quantity of 

source material, 

 ὶ  = rate of removal of the source material in mass per unit time, 

 ‐  = rate of erosion of the contaminated region ὧ of the source, 

 Ὕ  = thickness of the contaminated region ὧ of the source, 

  ὃ  = area of the volume source, 

  ”  = dry bulk density of the contaminated region of the volume source. 

B.3.3  Physical Removal of Water from Tritium Volume Sources 

The release and exposure to tritiated water vapor is detailed in Appendix F. This section 

summarizes the removal of tritium, 3H, from a volume source. The removal of tritium, 3H, from a 

volume source is modeled as having two components, removal of 3H that is in the form of 

vaporizable 3HHO and the removal of 3H that is incorporated and fixed in the source material. A 

tritium source can initially have at most two layers, the contaminated layer, also called the wet 

layer, and possibly an uncontaminated outer layer, termed the initial dry layer. The modeling of 

the removal of 3H that is incorporated or fixed in the source material is similar to that of the 

general volume source. The removal of 3HHO is modeled assuming the following: 

 

Textual Description Mathematical Representation 

Water vapor will vaporize into the air in the pore space 

of the wet layer and will be in equilibrium with the 

water in the wet layer.  

ὧ
ὖ ὓὡ

ὙὝ

πȢπςτυ ρψ

ψς ςωτ
ḙ ρȢψ ρπ

Ὣ

ὧὧ
ḙ πȢπρψ ὯὫ ά  

The temperature in the room is 21ᴈͯχπᴌ. 

The water vapor in the pore space of the wet layer will 

diffuse through the dry layer into the room, provided 

the humidity in the room is less than the moisture 

content of the air in the pore space of the wet layer. 

ὧ Ὄ Ὢ π 

The water content in the wet layer will remain constant 

at the specified value; the thickness of the wet layer 

will decrease as the water diffuses out of the wet layer. 

ή ὸ
ὨὝ ὸ

Ὠὸ
Ὢ —” ὃ  

The concentration gradient of water vapor across the 

dry layer is constant over the thickness of the dry layer, 

but it varies with time, because the thickness of the wet 

layer decreases and the thickness of the dry layer 

increases correspondingly, as moisture is released from 

the wet layer and into the room. 

ή ὸ Ὀ
ὧ Ὄ

Ὕ ὸ
ὃ  
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where: 

 ὧ  = concentration of water vapor in the pores of the wet layer of the source (it is 

a hard coded value and not an input), 

 ὖ  = partial pressure of the water vapor in equilibrium with moisture at room 

temperature (it is not an input),  

 ὓὡ = molecular weight of water (it is not an input), 

 Ὑ = ideal gas constant (it is not an input), 

 Ὕ = temperature in the room or building (it is not an input), 

 Ὄ = humidity in the room or building, 

 Ὢ  = fraction of water in the tritium source that is vaporizable, 

 ή ὸ  = flux of water evaporating from the tritium source into the room, 

 Ὕ ὸ  = thickness of the dry layer in the tritium source, 

 — = volumetric water content in the wet layer of the tritium source,  

 ”  = density of water, 

 ὃ  = area of the tritium source, 

 Ὀ  = effective diffusion coefficient of water in the pore space of the tritium source. 

Equating the two expressions for the flux of water and integrating with respect to time 

yields the expression for the thickness of the dry layer as a function of time. Physical erosion of 

the dry layer is not included in this expression because vaporization is assumed to occur much 

faster than physical erosion. The expression for the flux of water as a function of time is then 

obtained using the expression for the thickness of the dry layer. Dividing the expression for the 

flux of water by the initial quantity of moisture gives the fractional release rate of moisture. 

ὶ ὸ
Ὀ

—Ὕ π

ὧ Ὄ

ςὈ
ὧ Ὄ

Ὢ —”
ὸ Ὕ π

 

(B.4) 

where:  

ὶ ὸ  = fractional release rate of moisture from the tritium source, 

 Ὕ π  = initial thickness of the wet layer in the tritium source. 

The release of vaporizable 3HHO ceases when the wet zone disappears; at this time, the 

thickness of the dry zone equals the sum of the initial thicknesses of the wet and dry zones. The 

time over which release of vaporizable 3HHO occurs is given by the expression 
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transformation chain at time ὸ resulting from an initial unit activity of radionuclide Ὥ in the 

source, using the Bateman equation.  

Ὢ
ȟ
ὸ ὄ Ὡ  (B.6) 

with:  

ὄ ρ,  

ὄ
‗ ὄ

‗ ‗
ȟ     ᶪ  π Ὧ ὰ Ὦ 

ὄ ὄ ȟ     ᶪ  ρ ὰ Ὦ 

where: 

 Ὢ
ȟ
ὸ  = factor at time ὸ, to account for the radiological transformations from 

radionuclide Ὥ to the Ὦth radionuclide in the transformation chain, 

 ὄ  = the Ὧ th coefficient in the expression for the Ὦ th radionuclide,  

 ‗  = transformation constant of the Ὧth radionuclide in the transformation chain. 

The same expression is also used to compute the factor for radiological transformation, 

Ὢ
ȟ
ὸ , for radionuclides in a branching transformation chain, but the coefficients, ὄ , are 

computed by summing over all immediate parents of the Ὦth radionuclide in the transformation 

chain, factoring the fraction of each immediate parent of the Ὦth radionuclide that transforms to 

the radionuclide in question. An immediate parent is one that that transforms directly to the 

progeny in question, not one that transforms through other intermediate progeny to the progeny 

in question. 

ὄ ρ 

ὄ Ὢ ȟ ‗ ὄ

‗ ‗
ȟ     ᶪ  π Ὧ ὰ Ὦ 

ὄ ὄ ȟ     ᶪ  ρ ὰ Ὦ 

where: 

 Ὢ ȟ
 = fraction of the transformations of the ά th radionuclide in the transformation 

chain that result directly in the formation  of  the ὰ th radionuclide in the 

transformation chain,  
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 ὄ  = the Ὧ th coefficient in the expression for the Ὦ th radionuclide,  

 ‗  = transformation constant of the Ὧth radionuclide in the transformation chain. 

B.4.2  The Factor to Account for Physical Removal 

The rates of removal of source material as a fraction of the initial source material from 

non-volume sources, Equation B.1; from volume sources that do not contain vaporizable 3H, 

Equation B.3; and for vaporizable 3H from volume sources, Equation B.4, were developed in the 

preceding sections. The effect of this physical removal of source material on the quantity of 

radioactivity in the source is characterized by the factor to account for physical removal  

Ὢ ὸ ὥ ὦὸ 

ὥ ρ Ὢ ȟ ὦ π ×ÈÅÎ ὸ ὸ ὸ  

ὥ ρ Ὢ
Ὢ ὸ

ὸ ὸ
ȟ ὦ

Ὢ

ὸ ὸ
 ×ÈÅÎ ὸ ὸ ὸ  

(B.7) 

B.4.3  Instantaneous Quantity of Radioactivity as a Function of Time 

Combining Equations B.5, B.6, and B.7 gives the expression for the instantaneous 

activity in the source, which is in the form of a sum of exponentials of time and a sum of the 

product of time and the exponentials of time: 

ὗ ὸ ὗ π ὄ Ὡ ὥ ὦὸ   (B.8) 

B.5  TIME -INTEGRATED QUANTITIES OF SOURCE REMAINING IN SITU AND 

SOURCE INGESTED 

The doses and risks computed by RESRAD-BUILD are integrated over the exposure 

duration. The integration is preformed analytically, if possible. The time-integrated value of the 

source ingested over the exposure duration is used to compute the exposure from direct ingestion 

of the source. The time-integrated value of the source remaining in situ over the exposure 

duration is used in the calculation of external exposure from the source, when possible, to keep 

run time to a minimum. 
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B.5.1  Time Integration of Activity in Source for External Exposure Directly from the 

Source and for Exposure from Short-Lived Radon Progeny 

The geometric factors for external exposure directly from the source do not change over 

time for a point, line, or area source. They may not change for a volume source depending on the 

locations of the receptor and the source, the number of layers in the source, and the erosion rates 

of the layers. The external exposure in these cases is proportional to the time-integrated activity 

in the source. The exposure from the three short-lived progeny of any radon released from the 

source is also proportional to the time-integrated activity of the immediate parent of the radon, 

Section B.7.1. 

The expression for the instantaneous activity in the source, Equation B.8, can be 

integrated over the exposure duration by considering the integral of a single term in the sum  
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The time integrated value of the quantity of radioactivity in the source over the exposure 

duration is obtained by summing the above result over the radionuclides in the chain and over the 

parts of the release intervals that are within the period of time integration, after ensuring that 

each term is computed to the required precision. 

B.5.2  Time Integration of Ingested Activity for Direct Ingestion of the Source 

Direct ingestion of the source is possible while a portion of the source is being removed. 

The rate at which the source is ingested by a receptor is the product of the direct ingestion rate of 

the source and the fraction of time the receptor occupies the room where the source is located.  
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ὶ ὝὊ ὶ  

where: 

 ὶ  = rate of direct ingestion of the source by receptor ὭὙὧὴ, 

ὝὊ  = fraction of time during which receptor ὭὙὧὴ occupies the room where the 

source is located,  

 ὶ  = rate of direct ingestion of the source. 

The airborne fraction of the removed material is not available for direct ingestion. The 

remainder is available for ingestion by each of the receptors who spend time in the same room as 

the source. The rate at which source material from a point, line, or area source is available for 

ingestion during a removal interval is given by the expression  

ὶ ρ Ὢ  

where: 

 ὶ  = rate of removal of the source material during the άth removal interval, 

Ὢ  = source material removed during the άth removal interval that becomes airborne, 

expressed as a fraction of the source material that is removed during that interval. 

The user-specified ingestion rate applies if there is sufficient material being removed to 

fulfill the ingestion by all receptors who occupy the room where the source is located. If not, the 

direct ingestion rate of the point, line, or area source will be limited by the rate of removal, 

yielding the expression,  

ὶ άὭὲὭάόά ὶ ȟ
ὶ ρ Ὢ

В ὝὊ
 

where: 

 ὶ  = rate of direct ingestion of the source, 

 ὶ  = value the user input for direct ingestion as a fraction of the 

initial source material per time, 

 ὶ  = rate of removal of the source material during the άth removal 

interval, 

 Ὢ  = source material removed during the άth removal interval that 

becomes airborne, expressed as a fraction of the source material 

that is removed during that interval, 

 ὝὊ  = fraction of time during which receptor ὭὙὧὴ occupies the room 

where the source is located,  



 

B-14 

В ὝὊ  = sum of the fractions of time each receptor spends in the room 

where the source is located. 

The direct ingestion rate of a volume source is specified on a mass basis. This is divided 

by the initial mass of the contaminated layer and checked against the expression for the removal 

rate expressed as a fraction of the initial mass. The direct ingestion rate of a non-tritium volume 

source is given by the expression  

ὶ άὭὲὭάόά
ὶ

Ὕ ὃ ”
ȟ

ὶ ρ Ὢ

В ὝὊ
 

where: 

 ὶ  = rate of direct ingestion of source, 

 ὶ  = user input value for direct ingestion on the basis of the mass of 

source material, 

 Ὕ  = thickness of the contaminated region ὧ of the source, 

 ὃ  = area of the volume source, 

 ”  = dry bulk density of the contaminated region of the volume 

source,  

 ὶ  = rate of removal of the source material expressed in terms of a 

fraction of the initial mass, 

 Ὢ  = source material removed that becomes airborne, expressed as a 

fraction of the source material that is removed during that 

interval, 

 ὝὊ  = fraction of time during which receptor ὭὙὧὴ occupies the room 

where the source is located,  

В ὝὊ  = sum of the fractions of time each receptor spends in the room 

where the source is located. 

Only the non-volatilizable 3H is modeled as being ingestible. The direct ingestion rate of 

a tritium volume source is given by the expression  

ὶ ρ Ὢ άὭὲὭάόά
ὶ

Ὕ ὃ ”
ȟ

ὶ ρ Ὢ

В ὝὊ
 

where: 

Ὢ  = fraction of water in the tritium source that is vaporizable. 
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The instantaneous rate of ingestion of radioactivity is obtained by combining the initial 

activity of the initially present radionuclide, the factor for radiological transformations and the 

direction ingestion rate expressed in terms of the fraction of the source material 

ὗ ȟ ὸ ὝὊ ὶ ὗ π ὄ Ὡ  

where: 

ὗ ȟ ὸ  = instantaneous rate of ingestion the Ὦth radionuclide in the transformation 

chain of radionuclide Ὥ by receptor ὭὙὧὴ. 

Consider the integral of a single term in the sum above  

ὄ Ὡ Ὠὸ ὄ
Ὡ Ὡ

‗
 

The quantity of radioactivity ingested by a receptor over the exposure duration is 

obtained by summing the following expression over the portions of the removal intervals that are 

within the exposure duration, after ensuring that each term is computed to the required precision: 

ὗ ȟ ὸ ὝὊ ὶ ὗ π ὄ
Ὡ Ὡ

‗
  (B.9) 

where: 

ὗ ȟ ὸ  = quantity of the Ὦth radionuclide in the transformation chain of radionuclide 

Ὥ that is ingested by receptor ὭὙὧὴ over the exposure duration beginning at 

time ὸ.  

B.6  FATE OF SOLID SOURCE MATERIAL AND WATER VAPOR RELEASED 

TO AIR  

The fate of the solid source material and water vapor released to air is computed using a 

transient model described in this section. The transient model is developed by representing the 

processes modeled by rate equations. The fate of the two radon isotopes, 220Rn and 222Rn, 

released to air and their three short-lived progeny produced after their release are modeled using 

the steady-state models described in Section B.7. Except for vaporizable tritiated water, 3HHO, 

the properties used to model release and fate are independent of the radionuclide. Thus, for all 

the other cases, the effects of radiological transformation can be modeled independently of the 

modeling of the fate of the source material released to air. Buildings with up to 9 ñroomsò or 

9 fully mixed air spaces can be modeled using the transient model in RESRAD-BUILD 

Version 4.0. Both an analytical solution and a numerical solution to the transient model are 

included in the code. The analytical solution is limited to simulations that involve buildings with 

3 or fewer rooms, releases that are constant over a time interval, and for cases where the system 
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of equations described in B.6.2 have distinct eigen values and unique coefficients for the eigen 

vector terms, step 5 of Section B.6.4. The numerical solutions, which are potentially slower, 

model time-varying releases in buildings with up to 9 rooms, provided the time step selected is 

appropriate. The code uses the analytical solution when possible unless instructed otherwise. 

B.6.1  Rate of Release to Air  

The computation of the rate of release of source material to air depends on the type of 

source and, in the case of a volume source, on whether it contains vaporizable tritiated water.  

The rate of release of solid source material from a point, line, or area source to air is 

constant over each release interval and is given by  

ὶὩὰ Ὢ ὶ Ὢ
Ὢ

ὸ ὸ
 

where:  

 ὶὩὰ  = rate of release of solid source material to air from source ί during the 

άth removal interval, 

 Ὢ  = source material removed during the άth removal interval that becomes 

airborne, expressed as a fraction of the source material that is removed during 

that interval, 

 ὶ  = rate of removal of the source material during the άth removal interval, 

Ὢ  = fraction of source material removed during the άth removal interval, 

 ὸ  = time at which the άth removal interval ends, 

 ὸ  = time at which the άth removal interval begins. 

The rate of release of solid source material from a volume source to air is constant over 

time and is given by  

ὶὩὰ Ὢ ὶ Ὢ
‐

Ὕ
 

where: 

ὶὩὰ  = rate of release of solid source material to air from source ί, 

 Ὢ  = eroded source material that becomes airborne, expressed as a fraction of the 

source material that is eroded, 

 ὶ  = rate of removal of the source material, 

 Ὕ  = thickness of the contaminated region, ὧ, of the source, 

 ‐  = rate of erosion of the contaminated region, ὧ, of the source. 
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The rate of release of solid source material is written to the temporary file 

ñAirRelRate#.outò where # is the identification number of the source. 

The rate of release of tritiated water from a volume source is equal to the rate of removal 

of tritiated water from the source. The rate of removal of tritiated water from a volume source is 

discussed in Section B.3.3 and is given by Equation B.4. 

B.6.2  Description and Mathematical Representation of Process Considered in Transient 

Model of the Fate of Source Material 

The transient model balances the air flows into and out of each room. It also maintains 

mass balance of the source material. 

B.6.2.1  Air Flows 

¶ The model considers air flows in both directions between every pair of rooms, 

not the net flow between rooms. This is illustrated for a three-roomed building 

in Figure B-2. 

¶ The model considers air flows in both directions between each room and the 

outdoors. 

¶ The model requires user input of air flows between rooms and from each 

room to the outdoors. These air flows must each be non-negative. The air flow 

from a room is assumed to have the same concentration of source material as 

the air in that room. These flows directly affect the source material balance. 

¶ The model ensures flow balance for each room, i.e., sum of inflows = sum of 

outflows. Flow from the outdoors into each room is the sum of outflows from 

that room minus the sum of the inflows to the room from other rooms. Air 

flow from the outdoors is assumed not to contain any source material. 

Therefore, this flow does not directly affect the particulate balance. Hence, the 

choice to make it the variable that is determined by flow balance and not be a 

user input. These air flows must also be non-negative. 
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Figure B-2  Airflows in a Three-Room Building 

B.6.2.2  Movement of Source Material 

The movement of source material for a three-room building is illustrated in Figure B-3. 

¶ The model considers release of source material into the room where the source is located. 

- Particulates are modeled as being released at a constant rate over each 

release interval. 

- Vaporizable moisture is modeled as being released at a rate that varies 

continuously with time.  

- Radon is modeled as being released at a rate that depends on the quantity 

of the radon parent remaining in the source and the quantity of radon 

parent in the source particulates in the air and on the floor. 

¶ The releases are modeled as being instantaneously fully mixed in the air in the 

room of release. 

¶ The movement of source material with the air flow out of the rooms is 

modeled. 

- Air flow from a room is assumed to have the same concentration of source 

material as the air in that room. 

- Source material that flowed into an adjoining room can subsequently flow 

back into the room of release. 
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